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PREFACE 


In the hiKstory of the Avorlil, the varions periods of time are referred to 
as the Stone Age, Coal Age, Iron Age, etc. The historians of tlie future 
might well refer to the present era as the Eleetronic Age. Radio and 
television are onl}^ two branches of the vast field of electronics. When this 
book was first prepared for its publication six years ago it was intended to: 
(1) present a text of electrical principles to be associated with jadio rather 
than with power, and (2) written on a level between the elementary and 
engineering texts. The advent of commercial televisiim in 1947 led to 
the current revision for tlu^ purposes of including both an introductory 
knowledge of television and the electrical i)rinciples associated with tele¬ 
vision and their ay^plications. Recause of the widespread acceptance of 
electronic principhis, indicated to the authors l>y the favoi able acceptance 
of the first edition of this text, all explanations of electrical principles, 
analysis of electric; circuit action, and operation of circuit comj)onents are 
presented in this edition in terms of dedron flow in place oJ’ the former 
I'cference to current jiow. 

This book represents the notes and supplementary material used by 
the authors for the past eighteen years in teaching electricity to high-school 
pupils and to men working in the radio, television, and communication 
industry. These not es have also been used by the authors in training men 
in the signal corps and in the enlisted signal corps reserve. 

'Idiis book is written for the reader with a limited mathematical back¬ 
ground who is interested in studying the principles of electricity as applietl 
to radio and television. He may be a radio amateur; a person w orking in 
the radio, television, or communication industiy; or a student attending a 
high school, a trade school, a technical school, a junior college, or a school 
sponsored by any branch of the armed services. This book provides the 
necessary background for the study of radio circuits as presented in the 
authors’ book Easeniials of Radio. The folloAving features, not ordinarily 
found in a single book, have been incorporated in this text: 

1. No previous knowledge of mathematics above that of simple addi¬ 
tion, subtraction, multiplication, and division is required. All other prin¬ 
ciples are taken up as the need arises. 'Idiese are then explained in a 
thorough manner and are followed by an illustrative example. Included 
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are the use of equations, square root, plotting and interpretation of curves, 
and the use of vectors. 

2. Examples are used throughout the book to illustrate the applications 
of the equations. These examples follow the general procedure outlined 
in Chap. II for the solution of problems. Examples of complex as well as 
simple circuits are illustrated for both direct and alternating currents. 

3. The principles of electricity are explained according to the electron 
theory. This eliminates the necessity of using vague and inadequate 
mechanical or hydraulic analogies. 

4. In recognition of the value of visual instruction, drawings are used 
to illustrate each principle as it is presented. As many of the important 
features of the parts used in radio and television equipment cannot be 
shown by a diagram, numerous photographs of aidual commercial profhicts 
are distributed throughout the text. 

f). Electrical principles peculiar to communications, although generally 
considered to V)e intricate, are explained in a comparatively simple manner. 
This is particularly true of the chapters on a-c circuits, inductance, capaci¬ 
tance, resonance, and basic electronic circuits. 

(). The chapter on electrical instruments, in addition to explaining tlie 
basic principle on Avhich the various instmments are based, also explains 
how to sehu't, connect, and read an instrument. 

7. The thii’teen appendixes have been selected to provide sufficient 
reference data so that all problems in this book may be solved without the 
necessity of using any additional reference. One appendix contains a 
hundred symbols used in electrical, radio, and television cii cuits, listed with 
a picture or diagram opposite each symbol to illustrate tlie j)art that it 
lepresents. Another appendix contains various forms of generally used 
electrical equations arranged according to the suljject, as a-c circuits, 
resonance, and taipacitance. 

8. As an aid to the instructor and a challimge to the more interested 
student, there are numerous questions and problems at the end of each 
chapter. As an aid to both the teacher and pupil, Appendix XIII lists 
the answers to approximately every other problem given at the end of each 
chapter. 

[). The textbook has been brought up to date to include all new stand¬ 
ards of units, symbols, and abbreviations. 

Numerous industrial organizations have been of great assistance in 
providing illustrations and technical information regarding their products, 
and this service is gratefully acknowledged. These organizations are 
Aerovox Corporation; Allied Radio Corporation; American Telephone and 
Telegraph Company; Amperite Company; Bliley Electric Company; 
Browning Laboratories, Inc.; The Electric Storage Battery Company; 
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Electro Dynamic Works; Eicor, Inc.; General Electric Company; General 
Motors Corporation; The Hammarlund Manufacturing Company, Inc.; 
International Resistance Company; Jensen Radio Manufacturing Com¬ 
pany; Rhilco Corporation; P. R. Mallory tk Company, Inc.; Meissner 
Manufacturing Division, Maguire Industries, Inc.; National Carbon Com¬ 
pany, Inc.; Ohmite Manufacturing Company; Radio News; Radio Corpo¬ 
ration of America; Shure Brothers, Inc.; Solar Manufacturing Corporation; 
Standard Transformer Corporation; Thordarson Electric Manufacturing 
Division, Maguire Iiidustiies, Inc.; Trimm Manufacturing Company, Inc.; 
Westinghouse Electric Corporation; Weston Electrical Instrument 
Corporation. 

The authors wish to acknowledge the assistance rendered by Michael 
Homa and Donald Coi l)ett as students in Wm. L. Dickinson High School, 
and l)y Ted Tripodi, as a student in Chamberlin Trade School. Many of 
the drawings were made by them. The innumerable suggestions offered 
by Michael Homa and Donald Corbt^tt, who read the original material, 
were of constructive value. 

It is a pleasure for the authors to exprc*-ss their gratitude to Mrs. William 
Osterheld for her care in typing the manuscript anil for other helpful 
assistance that she rendered. 

Morris Slurzherg 
William Osterheld 
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CHAPTER I 


COMMUNICATION 

Radio and tolevision are the two most modern means of communiea- 
tion. It is estimated that there are over OO million radio reef'ivers in use 
and that over 90 per cent of the homes in America liave one f)T‘ more radio 
leceivers. In the fii'st two years of large-scale commercial television 
(1947 and 1948), approximately one million television receivers have been 
produced, and it is predicted that in a comparatively short time o\ er 25 
million homes will have television receivers. 

There are two methoils of communication, namely, the auditory and 
the visual. Thti auditory method is usetl to carry on a ctinversation or 
ev(^n to utter the familiar ‘4)uch.’' We communicate our thoughts to all 
within heal ing range by our conversation and make known that wi^ have 
suffered some unusual sensation or pain by shouting “Ouch.” The audi¬ 
tory method is also used hy many animals for communication, as may 
readily be understood by a study of animal and bird life. The smoke 
signals used by the Indians are an example from the past of tlie visual 
means of communication, while the printed page, facsimile, and television 
art? rntidern examples. 

1-1. Visual Means of Communication. The cont(?nts of this page 
are lieing communicated to you by the visual method. The newspaper is a 
visual means that reaches a great number of people. Books offer another 
way of reaching a large number of people by the visual means of communi¬ 
cation. Printing is a permanent method since it may be used by different 
persons at dirferent periods of time. The visual metliod is a very old one, 
as is illustrated by the hiiaoglyphics of the ancient Egyptians found in 
the ruins of their old cities. The American Indians used the visual method 
of communication Avlien they signaled messages by means of a blanket and 
a smoldering fire. The blanket was used to prevent smoke from rising 
for brief intervals of time, and by prearranged signals code messages could 
be transmitted through greater distances than by the auditory method. 

'Fhe IJ. S. Signal Corps modernized the visual method by using the 
wigwag, semaphore, and heliograph systems for transmitting messages. 
In the wigwag system, one flag is used, and the operator moves it briskly 
in a to-and-fro motion according to the Morse code, shifting it to the left 
aide foi’ a dash and to the right for a dot. In the semaphore system, two 
flags are quickly shifted from one position to another, each position of the two 
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flags representing a letter of the alphabet, a number, or some other signal. 
The heliograph is a means of flashing a light on and off at definite periods 
of time to represent the Morse code, a long interval being a dash and a 
short one a dot. These three methods are still employed. The use of 



Fio. 1-1.—A pnrtion f)f tVip Raselta stone illustrating hieroglyphiL's. 



the telescope made it possible for these signals to be seen over fairly long 
distances. The development of new types of lenses and new kinds of 
light beams made possible the transmitting of signals without interception 
liming the night and also increased the range of communication. The 
most recent method of visual communication is the transmission of pic¬ 
tures through the air as in television and facsimile. 
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1-2. Auditory Means of Communicatioi^ Voi^ The auditorj^ 
method is also a very old one, and until moJeyh science gave ua the tele¬ 
graph, telephone, and radio, this method was Kpiited because of the com¬ 
paratively short distances for which it could be used. 

This may bo illustrated by the case of two persons in an open field. If 
one person stands still and shouts as loud as possible while the other walks 
away until he can no longer hear the shouting, the distance between the 



1 ir. l-'S — f’oiniiiunn iitioii l)\ wig^ivaK aiirl sniiiiil [Fiom thi U S Aimi) 

i'orp6 Issut of liarf 19 Yius photnyiajjh by U Army SiynaL (^otps) 


two will not bo very great. If this experiment were repeated in the city, 
the distance would be docreaseil lurthcr, as the voice would be absorbed 
or divertetl in direction by the various buildings, trees, etc., generally 
present in any city. 

7\dc(jraph. Samuel F. H. INIorse, an American inventor, increased the 
distance through Avhich sound could be hejird by inventing and develop¬ 
ing telegraphy. Thi^ is a means by whicli sound is sent and received 
through wires connecting tht* sending and receiving apparatus. He also 
developed a system of long and short sounds in different combinations to 
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represent numbers and the letters of the alphabet; by means of this system 
the sound is made and broken at definite intervals. The Morse code, 
Avhich bears the inventor^s name, is now transmitted according to the idea 
that he developed. 

Telephone. Alexander Graham Bell, the inventor of the telephone, 
was a young professor of vocal physiology and a student of electrical 



1-4- SfinliiiK iii[\ss!iKP by HPiimpliorc. {From ihv Spvvial U.S. Army Siyrial ('orpa 
Imuv of Radio News, photograph by U.S. Army Signal Corps.) 

science when he left Scotland to come to Boston ir 1871 as a teacher of 
deaf-mutes. While experimenting on his harmonic telegraph, which led 
to the invention of the telephone. Prof. Bell outlined the following idea to 
his associate, Thomas A. Watson: “If 1 could make a current of electricity 
vary in intensity precisely as the air varies in density during the produc¬ 
tion of sound, I shouhl be able to transmit speech telegraphically.” 

On June 2, 1875, they were carrying on experiments based on this idea 
when Prof. Bell accidentally overturned a jar of battery acid, causing him 
to shout to his assistant in another room, "Mr. Watson, come here. I want 




Art ] 2] 


'V0MMVNICAT10\ 


5 


you'” Over an electrified wire Watson heard thi-, cry for help and im¬ 
mediately responded. 

By employing a diaphragm to produce an elei'tiic current whoKse in¬ 
tensity varied the same as sound waves, Bell, just as he had foretold, A\as 
able to transmit speech. It Avas theiefore no accident that on Mar. 10, 
1870, he was able to transmit once again to his assistant the immortal 



I ifi 1-5 — kSiKimhng ])v iiicMiis of a lieliORrajjli ihr S/)(rial U S Army Signed Cm pn 

/ifi/r of Jiadvo photograph, by US Army Signal Cnrpn) 

Avords, ‘^Mr. Watson, come here. I Avaiit you!”- his time over the first 
practical experimental telephone line. In that same year the first tele¬ 
phone conversation betmMui tAAo cities was carried on from Boston to 
(Cambridge, a distance of tAvo miles. 

By continuous research and experimentation, telephony has grown to 
be one of the Avorld’s greatest inventions. Distance is no longer an obstacle 
10 communication, as the telephone makes it possible for tAvo persons to 
talk to one another as if they Avere in the same room, no matter hoAv great 
the distance separating them may be. All cities in a state, all states in 



I'ni l-(i HignaliiiK with a toin-toni 





Fkj. 1-7. Alfred Vail and Huinuel F. B. Morhi- working on the development of the telegraph. 
{American Telephone and Tdcffraph Company.) 

6 




Art, 1-21 


COM MV NIC A TION 


7 


the United States, all countries in the world are now brought together 
by the telephone. It has developed from a luxury to a necessity, and 
modern living could not be carried on without it. 

Wird^ss. Guglielmo Marconi, the inventor of wireless, made communi¬ 
cation history when he successfully communicated between France and 
England across the English Channel in 1899 without having any wires 
connecting the sending and receiving apparatus in the two countries. On 



Fin. 1-8. -A modern {ippliealiuii of teleeraphy. (From the Svecial U.S. Army Signal Corpn 
Issue of Radio News, photograph by IJ.S. Army Signal Corps.) 

Dec. 12, 1901, another great advance was made in the development of 
communications when Marconi received the first wireless telegraph signal 
ever transmitted across the Atlantic Ocean. This signal consisted only 
of the letter 8, represented in Morse code by three dots. It had been sent 
out from a powerful transmitting antenna supported by two tall masts 
which Marconi had erected at Poldhu in Cornwall, England. At St. 
John’s, Newfoundland, a vertical receiving antenna was used, held aloft by 
a kite. 

From this simple beginning, wireless telegraphy has developed to its 
modern use in communication systems both in peace and in war. In 
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peace it is used for communication with ships at sea, with airplanes in the 
air, and with persona on land who are long distances away. In war, com¬ 
munications in code are maintained by wireless between the various units 
of each of our armed forces and between all the armed forces Navy, 
Army, Marine Corps, and Air Force. 
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Fid. 1-D.—Morse node. 


1-3. Early History of Radio Communication. Basic Electrical Prin¬ 
ciples. Through consistent research and experimenlatiun, many scientists 
have contrilmted to the development of radio communication as we use 
it today. Chedit for the invention of radio can go to no one person, as 
we credited Morse with the telegraph, Bell with the telephtme, and Marconi 
with wireless telegraphy. Its development has taken years, and many 
men have made important contributions. A brief history of radio progress 
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can, therefore, be outlined by presenting the names of these scientists 
and their contributions. 

In 1865, James Clerk Maxwell, utilizing the electrical and magnetic 
experiments developed by Michael Faraday and Hans Christian Oersted, 
proposed the following theories: (1) that light waves were electromagnetic 
in character; (2) that a charge of electricity moving through space consti¬ 
tuted an electric current as well as a charge moving in the wires of an 
electric circuit; (3) that a magnet moving in space generated an electro¬ 
motive force in the space around it. 



1S75. iAmerican Telephone, and Telegraph Company.) 

In 1888, Heinrich Hertz proved by direct experiments that the predic¬ 
tions made by Maxwell were true. Hertz made a very careful study of 
electric waves and found not only that they move with the same speed as 
light but that they behave in the same manner as do light waves in every 
way except that they cannot be seen by the human eye. While the waves 
of visible light are so short that 30,000 to 60,000 are required to equal the 
space of one inch, the electric waves were discovered by Hertz to have 
lengths ranging from several inches to several miles. 

Wireless. In 1895, Marconi invented the aerial, and he was able to 
increase the distance by which the electric waves could be projected into 
space. To increase the energy of transmission, antenna structures were 
made very large, and high voltages were used. The early commercial 
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transmitters were of the spark type, utilizing the charge and discharge of 
a capacitor through an oscillator circuit containing a spark gap which was 




Til. 1-11 I’rnKipss HI tplpphonr clp^ip;ii (n) Two views of a morlnl of Bnll’s first telephone 
(/j) Inleiiial l•onslrut’tl()ll of a inodeiii haiul set {Amir'iian liIfphnriL anil Trlforaph Com¬ 
pany ) 


inductively coupled to the antenna circuit and in resonance with it. The 
principle of inductive coupling and the resonance between various parts 
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of the transmitting circuit were discovered by Sir Oliver Lodge. Following 
the spark system of transmission the continuous-wave method was used, 
and during this time the Poulsen arc and the Alexandcrson and Gold¬ 
schmidt alternators came into use. For detection at the receiving end of 
the radio system, the coherer and the crystal detector were generally used. 

1-4. The Vacuum Tube and Radio Development. Necessity of the 
Vacuum Tube. Radio development was thus far hampered by the fact 
that the amount of power radiated from the transmitter could not be in- 



Fia. 1-12.—A simple telephone circuit. {American Telephone and Telegraph Company.) 



Fin. 1-13.—GuRliclino Marconi and C. S. Kemp recciviuK the first rrulio-wirelcss signal trnn.s- 
inittnd across the Atluiitic Ocean. {From the Telephone Almanac, American Telephone and 
Telegraph Company.) 

creased sufficiently to be received by low-power apparatus situated any 
appreciable distance from the transmitter. Furthermore, the sensitivity 
of the detectors of radio waves, the crystal and coherer, Avas very low. 
The search for a sensitive detector to convert the received energy efficiently 
led to the development of the vacuum tube. The invention and perfec¬ 
tion of the vacuum tube gave radio engineers the device they had been 
looking for. It greatly increased the sensitivity of reception and also 
made it possible to amplify a weak signal to any desired volume. 

Edison Effect. In 1883, Thomas Edison, while conducting experiments 
with the incandescent lamp, noticed that if a second electrode, in the form 
of a wire or plate, was placed inside the lamp and this electrode made 
positive with respect to one end of the filament, a small current flowed 
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to this electrode when the filament was heated. This electronic effect is 
called the Edison effect. 

Vacuum-tube Development. Professor J. A. Fleming:; of England learned 
of the Edison effect, and about 1896 he developed a crude form of radio 
detector tube which became known as the Fleming valve. About 1906, 
Dr. Lee De Forest added a third electrode, called a grid, to the vacuum 



Fin. 1-14. Fvr)lutinn froiri thn parly Dp Forest tube to the modern vanuum tubes of more 
iMiiiiijlex strurtui p. [RCA Manufactiirinf; Co., Inc.) 


tul)e. The vacuum tube was improveil by further study and experimenta¬ 
tion carried nn l)y Dr. Langmuir and other scientists, and we now have 
the vacuum tube of today. 

1-6. Development of the Radio Circuit, l^csidt^s the improvement 
of the vacuum tube, many other changes, additions, and methods of con¬ 
necting the various parts of radio transmitters and receivers have been 
introduced during the past 30 years. In 1914 Major E. H. Armstrong 
obtained a patent on his regenerative circuit, also known as a feed-back, or 
self-heterodyning circuit. 
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In 1924, Louis Alton Hazel tine gave the world his tuned radio-frequeney 
method of amplification and the piincij)le of neutralization of the capaci¬ 
tance of tubes. Hartley, Col])itts, and Meissner maile variations in the 
oscillator circuit that is used in all superheferotlyne leceivers and trans¬ 
mitter circuits. The constant-current system of plate modulation as de- 
velopecl by Heising is the method most commriiily used by transmitting 
stations. Major Armstrong, in seeking a wa.y to get rid of static, decided 
that some method of modulating the signal must be usetl for which nature 
had no duplicate. His method of frequency modulation is the result, and 



Fii,. 1-15 — Dr. Irvinii Lan/jmuir, Sir Joseph .Tohii Thomson, aiirl Dr. William D, Cooliilf?!' at 
the (Jeiieral Klectiin In boi at ones when Thomson, the fninoiis disroverei of the elcetioii, 
visited Am Cl lea 111 1923 {G(npia\ Kluh u Company) 


it has revolutionized the field of radio communication. It is now possible 
to hear entertainment over the radio without being disturbed by the an¬ 
noying noises made by static. 

1-6. Early History of Television. Banic Prinviplvs. In television, 
just as in radio, credit for its discovery and dpvelo])ment must be given to 
many men for their indivitlual contributions to this new field of communica¬ 
tions. One of the eailiest discoveries that later had a part in the develop¬ 
ment of television, was that of selenium in 1817 by a Swedish chemist, 
Baron Jons Jakob Berzelius. Its early use was chiefly as a substance to 
provide resistance in electric circuits. 

In 1873, an Irish telegrapher named Joseph May observed while work- 
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ing his instruments tliat the intensity of light shining on a piece of selenium 
had an effect upon the amount of electric current flowing through the cir¬ 
cuit in which the selenium was connected. This discovery led to the con¬ 
clusion that selenium could be used to vary the amount of current in a 

circuit for different amounts of light in¬ 
tensity. Other scientists and experi¬ 
menters took up this thought and ex¬ 
panded upon the idea. It was proposed 
that, since a picture is composed of light 
and dark areas, a circuit containing a 
selenium unit could be used to trans¬ 
late the variations of light and dark 
areas into changes in fdectric current, 
ft was further prf)posed that if changes 
in light coidd produce changes in elec¬ 
tric current, such changes in electric 
current could be made to reproduce a 
similar picture with light and dark 
areas. Actual experiments were sug¬ 
gested, one of which involved the use of 
a series of small selenium cells each in¬ 
dependently connected to a separate 
lamp. It was believed that if the image 
of an object was projected against the 
group of selenium cells the varying 
amounts of current could be conducted 
by wires over a short distance and there 
cause a group of lamps to light with cor¬ 
responding intensities to reproduce the 
image. This proved unsuccessful be¬ 
cause it would be too cumbersome and 
its wiring was too complicated for that 
era. 

Mechanical Scanning. As early as 
1S80, it was proposed by Maurice Leblanc of France that the individual 
cells be replaced by a method called scanning. In this method the image 
would be broken doAvn into a large number of parts each of which would 
be examined one at a time. 

In 1884, Paul Nipkow of Germany introduced the idea of a perforated 
rotating disk to do the scanning of the image. The holes in the disk w^ere 
arranged in a spiral pattern, and thus when the disk was rotated the image 
would be scanned line by line. The varying intensity of light being passed 



Fin. 1-10.—Walkie-tftlkip,an example 
of radii) nirruit devchrpment. {From 
thf iSprcial U.S. Army Sifjnal (-orps 
Issifi- ()/ liatlir) Navs, photograph by 
U. S. Army Sigfi,al Corps.) 
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through the holes as they scanned the image would cause a varying current 
to flow in a circuit containing a selenium cell. 

Noah S. Amstutz, an American, is credited with sending the first suc¬ 
cessful halftone picture in 181)0 when he sent a picture over a 25-mile length 
of wire. This first wire photography process required eight minutes for 
complete transmission. In 1909, Hans Knudseii successfully transmitted 
a photograph by wireless. 

In 1923, Dr. Vladimir K. Zworykin, of the United States, introduced a 
tube called the iconosco'pe which replaced the selenium cell and also made 
it possible to scan the image without the use of moving parts. Also in 
1923, Philo Farnsworth, another American scientist, introduced a tube 
called the image diasecior which was to replace the selenium cell. Both of 
these tubes picked up the image and projected it through a lens onto the 
light-sensitive plate in the tube. 

In 1925, Capt. Richard Ranger of the United Slates armed forces 
transmitted war-game pictures and maps by radio from New York to 
Honolulu, a distance of over 5000 miles. The process employed a rotating 
glass cylinder around which a photographic film was placed. A powerful 
thin beam of light was passed across the cylinder and through the film as 
it was being rotat(id, and a photoelecti’ic cell was used to transform the 
vaiying intensity of light into a varying electric, current. This tmrreiit 
was amplified and then tiansmitted by radio into space. At the receiver 
the radio signal was picktHl up and converted back to a varying electrics 
current. This varying current operated a thin l)eam of light which re¬ 
produced the original picture on a sensitized paptir wound around a cylinder 
revolving in step with the on(‘ at the transmitter. 

In 1920, John L. Baird, a Scottish scientist, demonstrated in England 
the transmission of halftone pictures by television. 

Early in 1928, Dr. E. F. W. Alexanderson gave a public demonstration 
in Schenectady, N. Y., of television transmission with a picture about three 
inches square. In September, 1928, the first full dramatic program was 
telecast. In 1929, experiments conducted in color television produced a 
picture about one inch square. 

Many experiments in television employing mechanical scanning were 
carried on up until about 1930. \Vliile some actual transmission and re¬ 
ception of pictures were carried on in this era, the results were not satis¬ 
factory for commercial use. 

Electronic Scanning. Although mechanical scanning served a useful 
purpose in the development of television, it imposed certain limitations, 
namely, (1) the scanning was limited to a low rate of speed, and (2) the 
area of the image transmitted was so small that it permitted a view of only 
the hands, face, etc. 
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The iconoscope, invented by Dr. V. K. Zworykin, and the image dis¬ 
sector, invented by Philo Farnsworth, made it possible to scan the image 
at the transmitter by use of electronic circuits in place of the older mechani¬ 
cal method of scanning. The kinescope, introduced to television in 1928, 
made it possible to have electronic scanning at the television receiver. 
In 1929, Dr. Zworykin gave a public demonstration of his first all-electronic 
television receiver made possible by the use of the kinescope. The all- 



Fia. 1-17.—View of a television program being telcvisRii. [Gmeral Electric Company.) 


electronic method of scanning made it possible to overcome the disad¬ 
vantages of mechanical scanning. 

In 1931, experimental television broadcasting was carried on with 120- 
liiie pictures. In 1936, the transmission of pictures was accomplished Avith 
343-line pictures. In 1939, the first all-electronic receivers (with 441-line 
pictures) were commercially available to the pulilic. During the war 
years immediately following this period, there was very little new develop¬ 
ment in commercial television. 

In 1947, after the Federal Communications Commission ruled that color 
television Avas not yet ready for commercial application, the monochrome 
(black-and-AAdiite) television with the neAvly adopted standard of 525 lines 
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went ahead at a rapid pace. Transmitters were being set up in all parts 
of the country, and the production of receivers increased at a tremendous 
rate. By 1949, receivers were being produced at the rate of nearly a million 
per year, and it became evident that television was a new and large industry. 
The prediction of 25 million receivers Avas no longer considered fantastic. 

1-7. Radio Waves. Radio and television transmitting stations con¬ 
vert sound waves and light waves to electrical impulses. The electrical 
impulses that represent the original sound and light waves are sent out by 
the use of high-frequency alternating currents. These currents produce 
magnetic and electric fields that radiate in all directions over long distances 
without losing much of their original strength. The magnetic and electric 
fields produced by this means are called 

radio waves. The strength and fre- H- f cycle --*■ 

quency of the radio wave is dependent. One 

on the high-frequency alternating cur- <^ll^rnafion 

rent producing it; therefore, it will vary j y 

in the same manner as the alternating / | 

current. +_j_IBO® 270“ _ 360^ 

An a-c (alternating-current) wave ^ O" 90" I t 
(see Fig. 1-18) reverses its direction at \ J / 

fixed intervals, and during each interval \ J 

the current will rise from zero to its max- \ I / 

imum value, then diminish to zero. By 

referring to this figure it can be seen that __ 

an a-c wave completes one cycle after it au a-c wave, 

has made two alternations, one in the 

positive direction and one in the negative direction. The fixed interval re¬ 
quired for each alternation is 180 degrees, and for one cycle or two alter¬ 
nations it would be 360 degrees. 7 is a symbol used to denote current 
and max an abbreviation of the word maximum, /mnx would, there¬ 
fore, mean the maximum amount of current flow; according to Fig. 1-18 
this would occur at every 90- and 270-degree instant of an a-c cycle. 

1-B. Wavelength, Frequency. Speed of Radio Waves. Radio waves 
travel at the same speed as light waves, 186,000 miles per second. In 
radio and television calculations the metric system is used, and it is desir¬ 
able to express the speed of the waves in meters per second. 

Example 1-1. If radio waves travel at the rate of 186,000 iniles per second, what 
is their rate in meters per second? 

Note: One meter is equal to 39.37 inches; also, one mile is equal to 5280 feet. 

Given: Find: 

Miles per second = 186,000 Meters per second = ? 

Feet per mile = 5280 
Inches per meter * 39.37 


One 

dUernafhn 


1-18.—All a-c wave. 
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Solution: 


Meters per second 


inches per second 

3 ^ 

186,000 X 5280 X 12 
39.37 


^ 300,000,000 


Wavdengih and Frequency Definitions. Wavelength. The distance 
that the radio wave travels in one cycle is called its wavelength; it is expressed 
in meters and is often represented by the symbol X, a letter of the Greek 
alphabet pronounced lambda. 

Frequency. The number of cycles per second of a radio wave is 
called its frequency and is generally represented by the letter /. In radio 
work it is common practice to refer to the frequency as the number of 
cycles instead of in terms of cycles per second. This is merely an abbrevia¬ 
tion, and it should be remembered that a reference to the number of cycles 
really means cycles per second. 

Wavelength and Frequency Calculations. Wavele:ngth. If the fre¬ 
quency of a wave is known, it will be possible to calculate the distance 
traveled in one cycle by means of the equation 

_ 300,000,000 

A — -y- U-lj 

where X = wavelength, meters 

/ = frequency, cycles per second 


Example 1-2. What is the length of a radio wave whose frequency is 570,000 
cycles? 

Given: Find: 

/ = 570,000 X = ? 

Solution: 

300,000,000 

•v _ _'_^_ 


300,000,000 

570,000 

= 526.3 meters 


Kilocycles. The frequencies of the common radio waves are of high 
values, that is, in the hundreds of thousands and in the millions. For 
convenience these frequencies are generally expressed in kilocycles. Kilo- 
is a prefix meaning thousand; hence a kilocycle is equal to 1000 cycles. 
Recalling the abbreviation referred to above, one kilocycle actually means 
1000 cycles per second. As most radio frequencies are expressed in kilo¬ 
cycles, Eq. (1-1) becomes 
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- _ 300,000 

where X = wavelength, meters 
/ = frequency, kilocycles 


(1-2) 


Example 1-3. What is the wavelength of radio station WMCA, which operates 
on a frequency of 570 kilocycles? 

Given: Find: 

/ = 570 kc X = ? 

Solution: 


^ _ 300,000 
300,000 


= 526.3 meters 


Megacycltos. The frequencies of the carrier waves used in frequency 
modulation and television are much higher than those used in ordinary 
radio broadcasting. The frequency of commercial f-m and television trans¬ 
mitters ranges from 50 to 210 million cycles per second. For convenience 
these frequencies are generally expressed in megacycles. Mega- is a prefix 
meaning million; hence a megacycle is equal to 1,000,000 cycles. As f-m 
and television-transmitter frequencies are generally expressed in mega¬ 
cycles, Eq. (1-1) may be expressed as 


. _ 300 

f 

where X = wavelength, meters 

f = frequency, megacycles 


(1-3) 


a television video carrier wave whose 

Find : 

X = ? 


300 



300 

77.25 


Example 1-4. What is the wavelength of 
frequency is 77.25 megacycles? 

Given: 

/ = 77.25 me 

Solution; 


= 3.88 meters 


Frequency. Equation (1-2) can be transposed to solve for frequency 
instead of wavelength by multiplying both sides of the equation by the 
frequency and dividing both sides by the wavelength, as 
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X X / _ 300,000 X / 
X XX/ 


Equation (1-2) then becomes 


300,000 


(1-4) 


where / = frequency, kilocycles 
X = wavelength, meters 

Equations (1-1) and (1-3) can be transposed in the same manner to 
solve for frequency instead of wavelength. 


Example 1-5. If by rloliiiilion a short-wave railio is one whose wavelength does 
not exeeed 200 meters, what is the lowest frequeiiey at which a short-wave railio 
may operate? 

Given: Find; 

X = 200 meters / = ? 

Solution ; 

300,000 

_ 300,000 
200 

= 1500 kc 


From Eq. (1-4) it can be seen that the greater the length of the radio 
wave the lower its frequency will l)c; conversely the shorter a radio Avave 
is the higher its frequency will be. By applying this conclusion to Example 
1-5 it becomes evident that the frequency of short-wave radio transmitters 
will be 1500 kilocycles and higher. 

In order to get an idea of the length of a radio Avave, it is necessary only 
to change the wavelength to our common units of feet or miles. 

Example 1-6. Whai is the Icngih in feet of one railio wave of the broadcast 
station referred to in E.xample 1-3? 

Given: Find: 

X = 526.3 meters Feet = ? 

Solution: 

1 meter = 39.37 in. 

meters X 39.37 

-- 

_ 526.3 X 39.37 
12 

= 1726 ft 


The solution of Example 1-6 indicates that each Avave transmitted by 
station WMCA is 1726 feet long, or approximately a third of a mile. 



FREQUENCY I 

WAVELENGTH 

— 

3x/0'^ me 


tO~^zm 


3 X10^^ me 


i 

ICr'^em 1 

T 

1 



Cosmic rays 

Gamma rays 
emit ted from raGfTum 

1 

SxIO^^mc 


6x/0~^^cm 1 

1 

1 

1 

1 

»_ 

ISx/o'^me 

1 

2x tO~^cm \ 



2.SxlO'°mc 


1.2xl0~^cm 

X-rays 

1 

1 ^ 

Ultra-viohf 

3x10^ me 


lO’^cm 

1 

1 

i 

1 

_4_ 

JSxJO^mc 


4x 10~^cm 


3.75x10^me 


dx/O'^cm 

Limits of 
human vision 

Infra-red 

Jx/O^mc 


/O'^cm 

A 

1 

or heixt waves 
\ 

7Sx/0^mc 

♦ 

1 

1 

\4xl0-^cm 

f 

1 

Experimental 

1 

690 me 

1 

1 

1 

1 

1 

1 

1 

0.337meter 

J. 

1 

1 

♦ 

475 me 

1 

1 

1 

0.53 meter 

Television 
future channek 


216 me 

1 

1 

1 

1 

1.39 meters 



174 me 

1 

1 

1 1 

1. 7Z meters 

Television 
channels 7~/3 

1 

108 me 

1 ! 1 

2.78 meters 

t 

Freauency 

moau/ation 

88 me 

i 

1 

1 

3.41 meters 

t 

’\ 

54 me 

1 ' ' 

5.55 meters 

Television 
channels 2-6 

. ? ^ 

Ship to shore-aircraft-amafeur- 
police-foreign-government-point 
to point 7 experimental 

4 1600 kc 

Hertzian 

waves 

1 

1 

187.5 meters 

T 

. 1 , 


SSOkc 

1 

! 1 5d5.4Smeters 

CommerclaT 
broadcast band 

-f-T- 

Government- commerclahmaritirne- 
ship to shore-aircraft-point to point- 
high pov^er government and commercial 
transoceapic communication 20 kc 

1 

1 

1 

1 

1 

1 

1 

15X10^meters 

4 

_4_ 

10 kc 

* 

30x 10^ meters 

Limits of 

20 cycles 

I5x 10^ meters 



Fio. 1-lB.—Relation of frequency and wavelength of various waves. 
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Since radio waves travel 186,000 miles per second, the time required 
for a radio wave to get from one place to another can be readily calculated. 

ExampU 1-7. Huw Ioiir does it take a radio wave to travel from New York to 
San Franeisco, a distanee of approximately 2600 miles? 

Given: Find: 

miles = 2600 

Miles per second = 186,000 Time = ? 

Solution: 

miles 

t =-— 

186,000 

_ 

“ 186,000 

= 0.0139 sec 

The solution of Example 1-7 indicates that it takes only about fourteen- 
thousandths of a second for a person’s voice br oadcast on a radio program 
to travel from New York to San Francisco. 

1-9. Sound, lia Use in Radio. Radio is a means of sending informa¬ 
tion through spac.e from one point to another. The irdorrnation may be 
either the sound waves produced by the voice or some musical instrument 
or a wave so iiiter’rupteil that it is broken into a combination of long and 
short groups corresponding to the characters of the Morse code. There¬ 
fore, radio is nothing more than the sending out and receiving of sound 
through space from one point to another, without any wires connecting 
the two points. It is therefore essential to know something about sound 
and sound waves before studying the principles of radio. 

CharaA'lerislics of Sound. Soimd is the sensation produced in the brain 
by sound waves, ft makes use' of one of our five fundamental senses, 
hearing. The air in a room in which no sound is present is in a static 
condition; in other words, it is motionless. If a sound is made by a person, 
by a musical instrument, or by any other means, the air about it is vset into 
vibration. These vilirations are transmitted to adjacent layers of air and 
so on until all of the original energy is expended. Such air vibrations are 
called sound waves. When these vibrations strike the eardrum of a person, 
the eardrum too will vibrate in a similar manner. The auditory nerves 
will be stimulated and will communicate the sensation of sound to the brain. 

Sound waves are produced by the mechanical vibration of any material 
in elastic media such as gases, liquids, and some solids, but they will not 
travel in a vacuum. Sound waves are longitudinal waves and travel out¬ 
ward in all directions from the source. A longitudinal wave may be defined 
as one in which the vibrating molecules or particles of the transmitting 
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medium move back and forth in the same direction in which the sound 
wave is traveling. 

Intensity. The intensity^ or loudnesSj of a sound depends upon the 
energy of motion imparted to the vibrating molecules of the medium trans¬ 
mitting the sound. A greater amount of energy causes more violent 
movement of the molecules, which in turn exerts a greater pressure upon 
the eardrum, thus causing the auditory nerves to send the sensation of a 
louder sound to the brain. Loudness is affected by the distance between 
the listener and the source of the sound. Actually, the intensity of a sound 
varies inversely Avith the square of the distance between the listener and 
the source of the sound. For example, if the distance V)etween the listener 
and the source of the sound is doubled, the intensity is reduced to one- 



Vir;. 1-20.—Iniprnal struriuro of the huiiiaii ear. {Frmn ''Unified Phyaies" by G. L. Fhichrr, 
1. Moshacher, and S. Lehman, McGraw-lIUl Book Company, New York.) 


quarter; if the distance is increased to three times the original amount, 
the intensity is reduced to one-ninth. Also, if the distance between the 
listener and the source of the sound is decreased to one-half the original 
amount, the intensity of the sound will be four times as great; for one-third 
the distance, it will be nine times as great. 

Speed of Sound. The speed at which sound weaves travel varies Avith 
the kind of material through Avhich it is traveling. For air, the most com¬ 
mon medium used for transmitting sound Avaves, the speed is 1130 feet 
per second at the normal room temperature of 08° Fahrenheit. 

Frequencyj Pitch, and Wavelength. The vibration of the reeds in a 
harmonica, of the skin on a drum, of the strings on a violin, or of the cone 
of a radio loudspeaker Avill all send out various sound waves. These waves 
will produce different sounds, depending on the number of vibrations that 
the wave makes per second. The number of complete waves or vibrations 
created per second is knoAvn as the frequency of the sound and is generally 
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expressed as the number of cycles per second. For example, a sound wave 
that is making 2000 vibrations per second is the same as a sound whose 
frequency is 2000 cycles per second; this is also commonly referred to as 
a 2000-cycle sound or a 2000-cycle note. 

If the sound is loud enough to be heard by the human ear, it is said to 
be audible. Its pitch will vary with the frequency. High frequencies 
produce sounds having a high pitch, and low frequencies produce sounds of 
low pitch. 

Sound waves may also be referred to in terms of the length of a wave. 
Knowing that sound waves travel 1130 feet per second in air, the length 
of one wave can be calculated by dividing the number 1130 by the frequency 



of the sound. Figure 1-21 illustrates a tuning fork producing sound waves 
whose frequency is 256 cycles per second and whose wavelength is 4.41 
feet. 

Frequency Ranges oj Sound Waves. The range of frequencies that the 
human ear is capable of hearing will vary with the individual, the lower 
limit being approximately 20 cycles and the upper limit 20,000 cycles. 
Some persons are able to hear the low-pitch sounds but cannot hear those 
of high pitch, while others can hear the high-pitch sounds but cannot hear 
those of low pitch. However, there are people able to hear sounds cover¬ 
ing a wide range of frequencies. 

A few of the common audible sounds and their approximate frequency 
ranges are listed in Table I-I. 
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Code signals may employ any audio frequency, but experience has shown 
that a signal with a frequency of 1000 cycles will produce a pleasing sound 
for continual, easy listening; it will permit each dit, dah, or space to be 
quickly distinguished. 

The frequency range of sound waves, commonly taken as 20 to 20,000 
cycles, is at the lower end of the wave spectrum (see Fig. 1-19). Sound 
waves are capable of traveling only comparatively short distances and 
usually travel at the rate of 1130 feet per second. In order for sounds to 
be carried through the air over long distances, the sound waves are con¬ 
verted into electrical waves of corresponding frequencies and applied to a 
high-frequency carrier wave by modern radio and television transmit¬ 
ting stations. 

Table I-I 


Sound Cycles 

Human voice. 75-3000 

Male (average). 128 

Female (average). 256 

Piano. 25-8000 

Violin. 200-3000 

Trombone. 100- 500 

Clarinet. 150-1500 

Flute. 250-2300 

Piccolo. 500-4500 


Frequency Range oj Radio Receivers. The sounds produced by a sym¬ 
phony orchestra contain practically all the frequencies likely to be produced 
by any type of radio program. To obtain perfect fidelity of reproduction 
of the music produced by such an orchestra, sounds from 20 to 20,000 
cycles may have to be reproduced. For the average receiver such accuracy 
of reproduction is neither obtainable nor necessary. The frequency ranges 
of the various units used in radio transmitters and receivers limit the 
frequency reproduction for the average high quality a-m (amplitude- 
modulation) receiver to a practical range of 100 to 5000 cycles. The 
popular low-cost five-tuV:)e a-m receivers for a-c/d-c operation do not 
provide such high-quality reproduction, and some of these may cover only 
a range of 160 to 3600 cycles. High-fidelity f-m transmitters and receivers 
extend the practical range of frequencies to 30 and 15,000 cycles. 

Musical Sounds and Noise. When sound waves are produced repeat¬ 
edly at regular intervals, the result is a musical sound at some definite pitch 
which is more or less pleasant to the ear. The orderly repetition produces 
rhythm which is also a requirement to obtain a musical note. When sound 
waves of constant or varying frequencies are produced at haphazard irregu¬ 
lar intervals, the result is an unpleasant sound called noise. 

Qualityy Fundamentals, and Overtones. The middle C of a piano has a 
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frequency of 256 cycles per second. A corresponding note of 256 cycles 
can also be produced on other musical instruments such as a violin, clarinet, 
or harmonica. Yet most persons can identify various instruments from 
hearing each produce a note of the same frequency. The notes from the 
various instruments differ in quality which depends upon the number and 
relative amplitude of the overtones blended with the fundamental. 

The fundammtal note is the lowest tone produced, which in the above 
example would be the 256-cycle note. The overtones, which are higher 
pitched notes, blend with the fundamental and give each instrument (and 
each human voice) its individuality. The overtones are vibrations whose 
frequencies are multiples, namely, 2, 3, 4, 5, etc., of the fundamental. In 
the above example the frequencies of the overtones would be 512, 768, 
1024, 1280, etc., cycles. The overtones are also often referred to as har¬ 
monics. 

Reflection of Sound. When sound waves strike a solid object such as a 
wall of a building, the side of a cliff, or the wall of a room, the sound will 
be reflected and may cause an echo. An echo is the effect produced when 
a reflected sound returns to the ear a fraction of a second after the original 
source of the sound has ceased. If the interval between the original sound 
and the reflect()d sound is one-tenth of a second or greater, an echo is likely 
to resul t. Echoes do not appear in small rooms because the refltict tnl sounds 
return to the ear too soon after the original sound to be distinguished. 
Large rooms or auditoriums, where the reflecting surfaces are more than 50 
feet away from the source of the sound, often produce echoes. In such 
cases the walls and ceilings may be decorated or padded wit h tapestries or 
soft materials to eliminate or reduce the production of echoes. 

Sympathetic Vihraiion. The sound Avaves set up by one sound-pro¬ 
ducing object can cause a nearby object to start vibrating and thereby 
also produce sound waves if both objects have the same natural frequency. 
The vibrations of the second object are said to be the result of sympathetic 
vibration. An example of this phenomenon may sometimes be observed 
when the music from a radio receiver causes a metal vase, picture frame, or 
other ol)jcct to start vibj-ating and give off sound waves. Sympathetic 
vibration may also cause a loose part in a rec;eiver itself to start vibrating. 

Sympathetic vibration may be explained in the following manner: The 
original sound wave strikes all nearby objects and sets them in motion, 
even though the amount of movement is very slight. If the second wave 
strikes at the precise instant which causes it to add its motion in perfect 
unison to that of the preceding wave, the movement will be increased. If 
all the succeeding waves strike at the corresponding precise instants, the 
movement Avill be cumulative and the object will vibrate at the frequency 
of the source of the sound. If, hoAvever, successive waves do not strike 
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the object at precisely the proper instant, some of the waves will neutralize 
the motion imparted to the object by some preceding waves and no sympa¬ 
thetic vibration will result. 

Forced Vibrations. vVn object in the area near a source of sound may 
be set into vibration by the sound waves of frequencies other than the 
natural frequency of the object if the intensity of the sound is great enough. 
This phenomenon is called forced vibration. Examples illustrating forced 
vibrations are the sounding board of a piano, sound reflectors of musical 
instruments, and the loudspeaker of a radio or television receiver. 

Resonance. When a sound wave sent out by an object is reflected in 
.such a manner that it returns to tlie object at the proper instant, it will 
produce sympathet-ic vil)ration within that object and thereby increase tho 
intensity of the sound. This phenomenon is called T.sonanrc. An exam¬ 
ple of resonance can be observed by causing air waves to flow through pipes 
as in a pipe organ. The resonance of a pipe (for a fixed value of frequency) 
depends upon the length of the pipe and whether it is open or closed. A 
pipe closed at one end will produce resonance when Du length of the pipe 
is one-quarter of tlui wavelength of the sound. A pipe open at both ends 
will produce resonance when the length of Die pipe is one-half of the wave¬ 
length of the sound. 

Beats. In the preceding paragraphs on Sympathetic Vibration and 
Resonance it was shown that two sounds of the same frequency would 
reinforce each other. If two sounds of different frequency are considered, 
it can be shown that the two sounds when started at the same instant of 
time will at first reinforce each other and then, after a number of cycles 
have been completed, will be out of step and will neutralize each other. 
Over a relatively long span of time there will be periods of reinforcements 
producing a strong sound and periods of neutralizing effect during which 
no sound will be produced. The sounds produced in this manner are called 
beats. If the numV^er of beats appears freqvuaitly aiul at regular intervals, 
a new sound or beat note will be produced. The frequency of the beat note 
will be equal to the difference between the frequencies of the two sounds; 
thus, for example, sounds of 25() and 200 cycles will pnxluce a beat note of 
5(i cycles. 

I-IO. Light. Its Use in Television. Television is a means of trans¬ 
mitting and receiving a visible image or scene between two points. At the 
transmitter the light rays of an image or a scene are converted into elec¬ 
trical impulses which are then transmitted to one or more receivers by radio 
waves or over a wire. At the receiver the electrical impulses are converted 
back into light rays to provide a reproduction of the original image or scene. 
It is therefore essential to know something about light and light waves 
before studying the principles of television. 
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ChaT(icieTisiics of Light. Light is the sensation produced in the brain 
by light rays. It makes use of one of our five fundamental senses, sight. 
In the study of physics light is considered as a form of energy that may be 
derived from mechanical, electrical, chemical, heat, or light energy. Exam¬ 
ples of light energy obtained from other forms are as follows: (1) The 
sparks seen when flint is hammered by a piece of steel illustrates light 
obtained from mechanical energy. (2) The light of a neon lamp is derived 
from electrical energy. (3) The light from the glow of phosphorus is de¬ 
rived from chemical energy. (4) The light from an incandescent lamp is 
obtained from heat energy. (5) The light from the cathode-ray tube of a 
television receiver (or the luminous dial of a watch) is obtained by fluores¬ 
cence, which is a form of light energy. 

Objects are visible because light rays from them reach the eyes, which in 
turn stimulate the optic nerves and send the sensation of sight to the 
brain. When the visible object is the source of the light energy, it is said 

to be luminous. The electric light, 
the sun, and the picture tube of a 
television receiver are examples of 
luminous objects. Most objects with 
which we come in daily contact are 
not luminous, and the light rays that 
reach the eyes from such objects are 
actually the reflected light from some 
luminous body. Objects visible be¬ 
cause of the light they reflect are 
called illuminated bodies. 

Several theories have been pre¬ 
sented to explain light energy. Sir 
Isaac Newton (1642-1727), the famous English physicist, introduced the 
corpuscular theory; this assumed that a luminous body emitted tiny particles 
(corpuscles) which moved through the air and bounced off objects to pro¬ 
duce reflected light rays. Christian Huygens (1629-1695), a Dutch sci¬ 
entist, introduced the theory that light was a form of wave motion. In 
about 1900 Max Planck, a German physicist, introduced the theory that 
light was given off in quanta (which are units or particles of light); hence 
this is referred to as the quantum theory. A modern version of light energy 
is that light should be explained by both particles and wave motion; this 
is sometimes expressed as particles guided by wave motion. 

Light is said to be transmitted by transverse waves, that is, waves in 
which the motion is transmitted in a direction at right angles to the vibra¬ 
tions. Light waves can be transmitted only by a transparent medium, 
including vacuum. In terms of the ability to transmit light, matter may 
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Fio. 1-22.—Internal structure oF the human 
eye. (From “[/myieri Physics" hy G. L. 
Fletcher, I. Afnsbacher, and S. Lehman, Mc¬ 
Graw-Hill Bnok Company, Inc., New York.) 
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be divided into three classifications: transparent, translucent, and opaque 
materials. Materials that transmit light so well that objects can be seen 
clearly through the material arc called transparent. Materials that trans¬ 
mit light so poorly that objects cannot be seen clearly through the mate¬ 
rial are called translucent. Materials through which light cannot pass are 
called opaque. 

Brightness and Intensity of Illumination. The first consideration in 
regard to the measure of light is usually its brightness. The brightness 
of a source of light is expressed in candle power, and a light source of one 
candle power produces the same amount of light as that emitted by a candle 
of standard dimensions. A more useful measure of light is the intensity of 
illumination^ which expresses the rate of flow of light energy upon a unit 
of surface. The unit of the intensity of illumination is the foot-candle, 
which is the amount of illumination produced on a surface that is one foot 
away from a standard candle of one candle power. 

The intensity of illumination varies inversely as the square of the dis¬ 
tance between the light source and the surface to be illuminated. For 
example, a 100-candle-power lamp will provide an intensity of illumination 
of 100 foot-candles at a distance of one foot, 25 foot-candles at two feet, 
6.25 foot-candles at four feet, and 1 foot-candle at ten feet. In practice, 
the intensity of illumination is generally determined by use of a photome¬ 
ter, usually a photoelectric device used frequently by photographers. 

Speed of Light. At one time scientists believed that light traveled 
instantaneously from its source to the observer. In 1675, Olaus Romer, a 
Danish astronomer, calculated that the speed of light through air was 
approximately 186,000 miles per second. By more accurate means Albert 
A. Michelson (1852-1931), a noted American physicist, determined the 
speed of light to be 186,284 miles per second. For general purposes, the 
speed of light through air is taken as 186,000 miles per second. 

The speed of light varies with the medium through which it travels, 
such as air, water, vacuum, or glass. Its speed through various media 
depends upon the density of the medium to light rays, as is indicated by 
the fact that light will travel faster through vacuum than through air, 
water, glass, etc. 

Frequency, Wavelength, and Color. If light is considered as wave mo¬ 
tion, it can be expressed in terms of frequency and wavelength the same as 
sound waves. The color of light varies with its frequency just as the pitch 
of a sound varies with the frequency of the sound waves. Also as in the 
case of sound, when the velocity and frequency of the light waves are 
known, it is possible to calculate the wavelength of the light waves. The 
values listed in Table I-II indicate the average frequency and wavelengths 
of the various colors of light that make white light when combined. 
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From this table it can be observed that the frequency of light waves is 
very high compared with sound waves and that the wavelength of light 
waves is much shorter than sound waves. Furthermore, examination of 
the frequency spectrum chart of Fig. 1-19 reveals that the frequency of 
light waves is also much higher than radio waves. It may be observed 
that white is not included in Table I-Il; it is omitted because white light 
contains all seven colors listed in the table. The spectrum of visible light 
consists of a bapd of colors changing gradually from violet at one end to 
deep red at the other, just as in a rainbow. 

The phenomenon of color is explained by the fact that different materials 
may transmit (or reflect) lights of different colors. For example, a red 
piece of glass appears red because it transmits only the red and absorbs 
all of the other colors contained in white light. If a material transmits 


Table I-II 


Color 

Frequency, 
cycles per second 

Wavelength 

Centi¬ 

meters 

Inches 

Micro¬ 

inches 

Red. 

423,000,000,000,000 

0.000071 

0.(K)0028 

28 

Orange. 

483,000,000,000,000 

0.000062 

0.(X)0024 

24 

Yellow. 

525,000,000,000,000 

0.(K)0057 

0.000022 

22 

(jreen . 

576,000,000,000,000 

0.000052 

0.000020 

20 

blue. 

631). 000,000,000,000 

0.00(X)47 

0.000018 

18 

Indigo. 

682,000,000,000,000 

0.0(K)044 

0.000017 

17 

Violet. 

732,000,000,000,000 

0.000041 

0.000016 

16 


two or more colors, a new color results. When a material transmits all 
seven colors, it appears colorless, as illustrated l)y ordinary window glass. 

Frequencies just below those of visible red light are classed as infrared, 
and frequencies just above those of violet are classed as ultraviolet. These 
comparatively new classifications are being used in a rapidly increasing 
number of applications that include electronic equipment. 

Propagation of Light. As in radio- and sound-wave motion, propaga¬ 
tion refers to the transmitting or spreading out of the wave motion. The 
outstanding factor concerning the propagation of light is that light rays 
travel in straight lines when the medium transmitting the light is homoge¬ 
neous (which means that the transmitting medium must be uniform). 
That light travels in a straight line may be observed when rays of sunlight 
enter a darkened room through a small opening. The straight path of the 
light rays becomes plainly visible due to the illumination of the dust par¬ 
ticles in the air. 
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Reflection of lAghi. When light energy from a sourt;e strikes the surface 
of an object, some of the light energy is reflected. The amount and the 
color of the light reflected will depend on the condition of the surface and 
the color of the reflecting body. Smooth bodies reflect light better than 
irregular ones; also light bodies reflect more light than dark ones. This 
further explains the theory of color as illustrated by the fact that an opaque 
red body appears red because it reflects only the red light and absorbs all 
others. In the case of black, an object appears black because it absorbs 
all colors and hence reflects none. 

When the reflecting surface is smooth and flat, the reflected rays will 
be reproductions of the original and the reflection is said to be regular. 
When the reflecting surface is irregular, the reflected rays will not have the 
same relation to one another as the original and the reflection is said to be 
diffused. 

Refraction of Light. Refraction is the name used to describe the effect 
that causes rays of light to bend when they pass from one medium to 
another of different optical density. For example, air and water have dif¬ 
ferent optical densities, wliich is another way of saying that light travels 
through air and water at different rates of speed. (In air the speed of 
light is 186,000 miles per second, but in water it is only approximately 
140,000 miles per second.) Thus if an object such as a pencil is placed 
in a glass of water, the refraction of the light causes the pencil or object 
to appear bent or broken. 

Lenses. A lens is a piece of transparent substance denser than the 
surrounding medium and with at least one of the two surfaces ground to 
conform to a definite curvature. Lenses are classified in terms of the 
curvature being convex or concave. Convex lenses are thicker at the center 
than at the edges, and concave lemes arc thinner at the center than at the 
edges. Although lenses are usually made of glass, they can also be made 
of quartz crystals, water or other clear liquids, and a variety of other 
materials. 

Fundamentally, the function of a lens is to change the direction of rays 
of light. Convex lenses cause the light rays to converge, that is, to come 
to a common point from different directions; the image may be enlarged 
or decreased in size depending upon the distances between the lens, the 
object, and the image. Concave lenses cause the light rays to diverge, 
that is, to extend from a common point in different directions; the size 
of the image is always decreased. 

There are many applications of lenses in everyday life such as eye¬ 
glasses, magnifying glasses, cameras, motion-picture projectors, micro¬ 
scopes, and telescopes. In television, lenses are used in the cameras at 
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the transmitters and also in projection-type receivers. In some television- 
receiver installations, a magnifying lens, often of the type employing a 
glass chamber filled with liquid, is placed directly in front of the picture 
tube to enlarge the picture. 

Persistence of Vision. An important property of the human eye that 
makes television and motion pictures possible is persistence of vision. The 
eye cannot observe or follow any sequence of changes that occur at a rate 
of 10 or more times per second. Anything in excess of this rate produces 
the effect of a continuous picture. This phenomenon is called 'persistence 
of vision. 

In a television receiver the image appearing on the picture tube is not 
a steady picture but is actually a sequence of 60 individual pictures per 
second, each separated from the preceding one by a short interval of time 
during which the screen of the picture tube is dark. The viewing area of 
the picture tube is coated with a fluorescent substance, usually a phosphor, 
that will glow for only a very short period of time after the electron beam 
strikes the screen; hence the tube is said to have low persistency. Because 
the persistence of vision of the human eye is much greater than the per¬ 
sistence of the picture tube, the image at the television receiver appears 
as a continuous picture that also reproduces the movements of the objects 
being viewed. 

1-11. Simple Explanation of Radio and Television Transmission and 
Reception. Have you ever asked the question: “How is it possible for a 
person to sing, talk, or play a musical instrument, in fact to make any 
audible sound, and be heard almost instantly by people thousands of miles 
away”? Or have you asked, “How can pictures be transmitted through 
the air”? To answer these questions, the sending and receiving of a radio 
or television program will be compared with the delivery and receiving 
of a ton of coal. 

If a person orders a ton of coal from a coalyard, the coal is loaded on a 
truck which carries it to his home. The driver stops the truck at the per¬ 
son’s home because he ordered the coal. The buyer does not want the 
truck—he wants the coal; so the driver and his helpers unload the coal 
into the bin and drive away with the truck to deliver the rest of the load. 

In a similar manner, an audible sound wave made at a radio transmit¬ 
ting station or an object being viewed at a television transmitting station 
can get to the listener’s home only if a means of carrying it there is pro¬ 
vided. In place of a coal truck, transmitting stations use a carrier wave. 
Just as the coal had to be put on the truck, the sound wave or the picture 
image must be put on the carrier wave. A modulator is used for this pur¬ 
pose. At a radio transmitting station the modulator takes the audible sound 



Art. 1-11] 


COMMUNICATION 


33 


wave that has been changed to electrical impulses by the microphone and 
superimposes it on the carrier wave. At a television transmitting station 
the modulator takes the picture image that has been changed to electrical 
impulses by the camera tube (iconoscope) and superimposes it on the car¬ 
rier wave. In either case the resultant is called a modulated carrier wave. 

This modulated carrier wave is now sent out by a transmitting antenna^ 
just as the coal truck was sent from the coalyard. During the day any 
number of coal trucks may pass the door of the buyer, but the only truck 
that stops is the one delivering the coal to his home. In the same manner 
any number of modulated carrier w^aves pass the antenna of the listener’s 
receiver. He turns a dial on his receiver and selects the station he wants. 
This is actually selecting the desired modulated carrier wave. 

Next the ton of coal was separated from the truck and placed in the bin, 
and the truck then continued on its way to make other deliveries. In 
radio or television, part of the energy of the modulated carrier wave enters 
the receiver; the remainder is available for other receivers. At the re¬ 
ceiver the electrical impulses corresponding to the sound wave or the pic¬ 
ture image are separated from the modulated carrier wave by the detector, 
which may also be called the demodulator. 

No heat is obtained from the coal unless it is burned; similarly, no 
sound is obtained from the audio wave unless it causes some material to 
vibrate, and no picture is obtained from the picture-image wave unless it 
causes light and dark impulses on a fluorescent material. The amount of 
energy delivered by the detector of a radio receiver is so small that it is 
sufficient only to operate a set of earphones. The amount of energy de¬ 
livered by the detector of a television receiver is so small that it is sufficient 
only to produce a small, dimly lighted picture or no picture at all. In 
order to obtain sufficient energy to operate a loudspeaker and to produce a 
reasonably large, bright picture, it is necessary to include amplifiers in 
radio and television receivers. 

Just as there are numerous trucks carrying coal, so too there are numer¬ 
ous carrier waves carrying radio and television programs. Also, just as 
the trucks must be controlled to prevent interference between them, so 
too the modulated carrier waves must be controlled. To prevent inter¬ 
ference among modulated carrier waves, the Federal Communications Com¬ 
mission (FCC) assigns definite carrier frequencies to the transmitting or 
broadcasting stations. For example, the frequency of the carrier wave of 
station KFI, Los Angeles, is 640 kilocycles; WLAC, Nashville, 1510 kilo¬ 
cycles; WENR, Chicago, 890 kilocycles; and WNBT, New York, 66 to 
72 megacycles (channel 4). By setting the dial of a radio receiver to 710 
kilocycles, a person in New York will be able to hear the program being 
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ise of coal (top) with sending, receiving, and use of sound waves (below). 
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broadcast by station WOR. Similarly by setting the dial of a television 
receiver to channel 4 (66 to 72 megacycles), a person in New York will 
receive the program of station WNBT. 

1-12. General Picture of Radio Transmission and Reception. The 
chart shown as Fig. 1-24 presents a simple picture of the various operations 
required to send a sound wave out into space and to have it received many 
miles away. 

The top line is a block diagram illustrating the essential portions of a 
radio transmitter and receiver. It is called a hlodi diagram because each 
section is represented by merely drawing a block and labeling it to conform 
with the portion it represents. The first unit is the microphone where the 
audible sound waves are picked up and changed into electrical impulses. 
The electrical impulses from the microphone are too weak to be sent through 
space on the carrier wave and, therefore, must be amplihed. This is 
accomplished by sending the wave from the microphone to the speech 
amplifier. The next block is trailed the oscillaiorj which is the portion that 
sets up the carrier wave of the transmitter, in this example, 550 kilocycles. 
This is followed by the modulator, which receives energy from both the 
oscillator and the speech ampliher. At the modulator the audio waves of 
the speech amplifier are superimposed on the carrier wave, and this modu¬ 
lated carrier wave is then sent out into space by the transmitting antenna. 

The receiving antenna is affected by the magnetic and elet‘tric. Fields 
set up in space by the transmitting antenna, and if the selector or tuning 
portion of the receiver is set for the proper frequency (in this example 
550 kilocycles), a workable amount of electrical energy enters the receiver. 
The amount of energy is small and must be increased in strength at this 
point by the r-f (radio-frequency) amplifier. The selector and the r-f 
amplifier are shown in a single block because these two operations are 
generally combined. The next block, labeled detector, might also be called 
the demodulator because at this point the audio waves are separated from 
the carrier wave. The audio waves coming from the detector are too 
weak to operate a loudspeaker and therefore must be sent through an 
a-f (audio-frequency) amplifier before going on to the loudspeaker. 

The second line in the chart indicates the frequency of the wave as it 
enters and leaves the various parts of the transmitter and receiver operated 
at a frequency assumed to be 550 kilocycles. The third line is a diagram¬ 
matic representation of these frequencies. A careful examination of the 
figure will show that every step performed in the transmitter is also per¬ 
formed in the receiver but in reversed order, starting with the sound waves 
entering the microphone at the transmitter and ending with similar sound 
Waves leaving the loudspeaker of the receiver. 
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Fig. 1-24.—Radiobroadcasting operations from microphone to loudspeaker. 
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The fourth line summarizes the function of each part of the radio trans¬ 
mitter and receiver. 

1-13. General Picture of Television Transmission and Reception. The 

broadcasting of a television program requires the transmission of both the 
sound and picture portions of the program. At the transmitter these two 
functions are performed by two separate transmitters: one for the sound, 
or audio, portion as illustrated by Fig. 1-24 and described in the preceding 
article, and another for the picture, or video transmission, as illustrated by 
Fig. 1-25 and described in the following paragraphs. At the receiver a 
single antenna and selector unit are used to receive and tune in the sound 
and picture carrier waves of the desired station. Following the selector 
circuit, the sound carrier wave is separated from the picture carrier wave 
and passed through a circuit similar (but not necessarily identical) to that 
illustrated in Fig. 1-24 and described in the preceding article. The picture 
carrier wave, after being separated from the sound carrier wave, is passed 
through the circuit shown in Fig. 1-25 and described in the following 
paragraphs. 

A study of Figs. 1-24 and 1-25 will show that the transmission and re¬ 
ception of the picture portion of a television program are in many ways 
similar to the transmission and reception of a radio program. The chart 
of Fig. 1-25 presents a simple picture of the principal functions required to 
send and receive the picture portion of a television program. 

Referring to the block diagram of Fig. 1-25, the first unit is the camera 
iube^ which picks up the light rays reflected from the person or object to 
be televised and converts these light rays into electrical impulses; this cor¬ 
responds to the microphone of the radio transmitter of Fig. 1-24. The 
electrical impulses from the camera tube are very weak and therefore are 
passed through the picture-signal amplifier; this corresponds to the speech 
amplifier of the radio transmitter. The next block, labeled oscillator^ sets 
up the carrier wave of the transmitter. It should be noted that the tele¬ 
vision carrier-wave frequency of 77.25 megacycles (corresponding to tele¬ 
vision channel 5) is much higher than the carrier-wave frequency of the 
radio transmitter of Fig. 1-24, which was 550 kilocycles, or 0.55 megacycle. 
At the next block, labeled modulated r-f amplifier, the picture signal-wave is 
superimposed on the carrier wave and amplified so that it becomes a power¬ 
ful signal. This powerful modulated carrier wave is then sent out into 
space by the transmitting antenna. 

The television system requires an additional function represented on 
Fig. 1-25 by the block labeled synchronizing and sweep circuits. The sweep 
circuit sets up a narrow moving path of electrons, called an electron beam, 
that is made to move across the light-sensitive part of the camera tube. 
This beam of electrons is moved across the tube from left to right at the 
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top of tliB tubB, brought back to thB left and moved down a short distance, 
then again moved from left to right. This process is repeated again and 
again, so that the beam scans across the tube 525 times in going from the 
top to the bottom. Upon reaching the bottom, the beam is returned to 
the top and the process is repeated. In modern television systems the 
tubes, picture area is scanned 30 times each second. In order to reproduce 
the picture at a receiver, the picture tube in the receiver must be scanned 
by an electron beam in the same manner and at exactly the same rate as 
at the picture tube of the transmitter. This is accomplished by having 
the synchronizing circuit superimpose pulses of very short duration on the 
carrier wave each time a new scanning line is started in motion. 

When the receiving antenna is within the effective range of the carrier 
waves of the transmitter, and if the selector or tuning unit of the receiver 
is set for the proper frequency (in this example 70 to 82 megacycles, repre¬ 
senting the frequency span of channel 5), a workable amount of energy 
enters the receiver. It should be noted here that both the sound carrier 
wave of 81.75 megacycles and the picture carrier wave of 77.25 megacycles 
are received, selected, and given a certain amount of amplification by the 
single antenna and tuning unit. After this, the sound carrier wave is 
usually separated from the picture carrier wave. The sound carrier wave 
is then passed through a circuit similar (but not necessarily identical) to 
that illustrated in Fig. 1-24 and described in the preceding article. The 
picture carrier wave is amplified at the i-f (intermediate-frequency) ampli¬ 
fier and passed on to the detector, where the picture signal is removed from 
the modulated picture carrier wave. Because a strong signal is needed 
at the picture tube, the signal is amplified at the video (or picture) amplifier 
before being passed on to the picture tube of the receiver. The synchronizing 
and sweep circuits enable the scanning beam at the receiver's picture tube 
to operate at the proper time and rate so that it corresponds with that of 
the transmitter. The proper correlation of the picture signal and the scan¬ 
ning electron beam produce the picture on the light-sensitive area of the 
cathode-ray tube of the receiver. 

The second line of Fig. 1-25 indicates the frequency of the various waves 
as they enter and leave the various parts of the transmitter and receiver 
oj>erating on television channel 5. The third line is a diagrammatic repre¬ 
sentation of these frequencies. A careful examination of the figure will 
show that the various steps performed in the transmitter are also per¬ 
formed in the receiver but in reversed order, starting with the light rays 
being picked up by the camera tube and ending with similar light rays 
leaving the picture tube at the receiver. The fourth line summarizes the 
function of each part of the television transmitter and receiver. 
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1-14. Need for a Knowledge of Electricity. In the block diagrams of 
Figs. 1-24 and 1-25, each function is represented merely as a square and 
called an oscillator, modulator, amplifier, detector, etc. Each one of these 
parts is made up of various electrical devices such as resistors, inductors, 
capacitors, and tubes, all properly connected in order to perform the func¬ 
tion desired. 

There have been a number of changes made in the simple radio circuits 
used years ago to give us the modern radio and television receivers and 
transmitters. Where the radio broadcast band formerly extended from 
500 to 1500 kilocycles, its range now extends to 108 megacycles for f-m 
broadcasting and the television band extends from 50 to 216 megacycles. 
Of the various circuits used in the development of radio receivers only two, 
the tuned-radio-frequency and the superheterodyne, are still in general 
use; the superheterodyne principle is used in the majority of the modern 
radio receivers and in all the television receivers. In order to improve the 
operation of radio and television receivers, uumerous additions and changes 
have been made to the original radio circuits. Many such circuits and 
their parts no longer resemble the original except for the fundamental 
principle involved. 

It has been previously stated that radio and television circuits consist 
of various kinds and types of electrical devices properly connected. This 
also applies to modern industrial electronic equipment, which usually 
employs circuits and principles that often are only applications or varia¬ 
tions of the ordinary electrical, radio, and television circuits. In order to 
understand these circuits, one must have a broad and thorough knowledge 
of electrical and radio theory. It takes time to master these fundamental 
principles, and one should not be discouraged because he is not working on 
or studying radio and television circuits at the beginning. Once these 
fundamental principles are mastered one will be able to understand all 
kinds of sets, both present and future. 
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QXmSTIONS 

1. Name three applications of (o) the visual method of commumcation, (b) the 
auditory method of communication. 

2. What contribution did Samuel Morse make toward the advancement of the 
auditory method of communication? 

3. What was Alexander Graham Bell’s idea that led to the invention of the 
telephone? 

4. How was Bell aV)le to transmit speech? 

6. Who invented the aerial, and what is its importance in regard to 
communication? 

6. What contributions did James Clerk Maxwell make toward the development 
of radio? 

7. Who proved that the theories advanced by Maxwell were true? Wliat further 
contribution did he make? 

B. What principles of electricity were discovered by Sir Oliver Lodge? 

9. What were the difficulties encountered in radio transmission and reception 
previous to the development of the vacuum tube? 

10. What two important factors did the vacuum tube aud to radio commu¬ 
nication? 

11. What did each of the following men add to the development of vacuum tubes: 
(o) Thomas A. Edison? (b) J. A. Fleming? (c) Dr. Lee De Forest? 

12. What did each of the following men add to the development of radio cir¬ 
cuits: (a) Armstrong? (b) Hazeltine? (c) Hartley? (d) Colpitts? (e) Meissner? 

13. Name two important features of the f-m system of radio communication. 

14. (fl) In what manner is selenium associated with the early development of 
television? (b) Name two men connected with this work. 

15. (a) What is meant by mechanical scanning? (b) What did Leblanc and 
Nipkow contribute to the development of television? 

16. Describe the contribution made by Capt. Richard Ranger to the develop¬ 
ment of television. 

17. (a) What is the important feature of the iconoscope and the image dissector? 
(b) Name the inventors of these two devices. 

IB. (a) Name live nr more men associated with the development of television, 
(b) What was the contribution of each to the science of television? 

19. (a) What were the disadvantages of mechanical scanning? (b) What new 
method of scanning replaced the mechanical system? 

20. Prepare a chronological list of developments in television. 

21. How are radio waves produced? 

22. What two factors make up radio waves? 

23. How does the speed of radio and television waves compare with (o) light? 
(b) Sound? 

24. Define (a) wavelength; (b) frequency; (c) cycle; (d) kilocycle; (e) megacycle. 

25. Using the chart of Fig. 1-19, what is the frequency band assigned for (a) 
commercial a-m broadcasting? (b) Commercial f-m broadcasting? (c) Television? 

26. What is sound? 

27. Explain what occurs when sound waves strike the human ear and produce 
the sensation of sound. 

2B. (a) How are sound waves produced? (b) What factors affect the intensity 
at which a sound is heard? 
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29. Deiiiie the following terms as used with sound; (o) frequency, (b) pitch, (c) 
wavelength, (d) audible. 

30. What frequency is usually used for the audio wave of code signals? Why? 

31. What is the approximate frequency range of a receiver having (o) low fidelity? 

(b) Medium fidelity? (c) High fidelity? 

32. Define the following terms as used with sound: (a) quality, (b) fundamental, 

(c) overtone, (d) harmonic. 

33. Explain what is meant by (a) reflection of sound waves, (b) echoes, (c) sympa¬ 
thetic vibrations, (d) forced vibrations. 

34. What is meant by resonance? 

36. How are beat notes produced? 

36. What is light? 

37. Explain how objects are made visible. 

33. Name and describe four theories of light energy. 

39. Define the following terms; (a) transparent, (b) translucent, (c) opaque. 

40. (a) What is meant by the intensity of illumination? (b) What is its unit of 
measurement? (c) What is its relation to distance and the source of light? 

41. (a) What is the relation between the color of light and its frequency? (b) 
Why is white omitted from the frequency-color-spectrum chart? 

42. Explain the phenomenon of color. 

43. What is meant by (a) propagation of light? (b) Reflection of light? (c) 
Refraction of light? 

44. (a) What is a lens? (b) How are lenses usually classified? (c) Describe 
each of the classifications named in (b). 

46. (a) What materials are used in making lenses? (b) Name six applications 
of lenses. 

46. (a) What is meant by persistence of vision? (b) Explain two commercial 
applications of this phenomena. 

47. What are the essential functions of a radio transmitter? 

48. What is the purpose of each function given in the answer to Question 47? 

49. What are the essential functions of a radio receiver? 

60. What is the purpose of each function given in the answer to Question 43? 

61. What are the essential functions of a television transmitter? 

62. What is the purpose of each function given in the answer to Question 51 ? 

63. What are the essential functions of a television receiver? 

64. What is the purpose of each function given in the answer to Question 53? 
66. To what extent is a television system similar to radio? 

66. Name two types of radio circuits used in present-day radio and television 
receivers. 

67. Why is a knowdedge of electricity necessary in order to study radio, television, 
and industrial electronics? 


PROBLEMS 

1. What is the wavelength of a carrier wave of a transmitter whose frequency is 
1200 kc? 

2. What is the wavelength of a carrier wave of a transmitter whose frequency is 
660 kc? 

3. What is the frequency of tho radio waves from a transmitter operating on a 
10-meter wavelength? 

4. What is the frequency of the radio waves of a transmitter if its wavelength 
is 75 meters? 
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6. A certain radio station located in New York operates on a carrier frequency 
of 30 me. How long does it take for an audio signal being transmitted to reach 
(a) Honolulu, Hawaii (approximately 5000 miles)? (b) Melbourne, Australia (ap¬ 
proximately 10,000 miles)? 

6. A certain radio station located in Chicago operates on a carrier frequency of 
1210 kc. How long does it take for an audio signal being transmitted to reach (a) 
New York (approximately 800 miles)? (b) San Francisco (approximately 2200 miles) ? 

7. If the frequency of middle C on a piano is 256 cycles, what is its wavelength 
in (ci) meters? (b) Feet? 

B. If the frequency of high C on a piano is 4096 cycles, what is its wavelength in 
(a) meters? (b) Feet? 

9. If an a-f wave of 256 cycles is superimposed on a carrier wave of 1200 kc, how 
many cycles does the carrier wave make during the time it takes the a-f wave to 
complete one cycle? 

10. If an a-f wave of 4096 cycles is superimposed on a carrier wave of 660 kc, how 
many cycles does the carrier wave make during the time it takes the a-f wave to com¬ 
plete one cycle? 

11. The creaking of a door makes a sound of approximately 15,000 cycles. What 
is its wavelength? 

12. What is the wavelength of the sound waves being produced by an insect if 
the frequency of the sound is 12,000 cycles? 

13. How many cycles will a carrier wave of 1200 kc make during the time required 
for (a) one cycle of a 256-cycle a-f wave? (b) One cycle of a 15,000-cycle sound wave? 

14. How many cycles will a carrier wave of 100 me make during the time required 
for (ci) one cycle of a 256-cycle a-f wave? (b) One cycle of a 12,000-cycle sound wave? 

16. Radio programs are often presented to studio audiences as well os to the radio 
audience, (a) How long does it take the sound waves to reach a listener in the studio 
audience seated 100 feet away? (b) How long docs it take for the program to reach a 
listener at the loudspeaker of a radio receiver 200 miles away? (c) Which listener 
hears the program first? 

16. How far would a radio wave travel in the time it takes for a sound wave to 
travel 10 feet? 

17. How far would a sound wave travel in the time it takes for a radio wave to 
I ravel around the earth (approximately 25,000 miles)? 

IB. A pipe of ail organ is measured and found to be 0.565 foot long. At what fre¬ 
quency is it resonant if the pipe is (a) closed at one end? (b) Open at both ends? 

19. What length of organ pipe, open at both ends, is required to produce reso¬ 
nance for a frequency of (a) 5000 cycles? (b) 500 cycles? (c) 50 cycles? 

20. What is the frequency of the beat note produced when a sound having a fre¬ 
quency of 400 cycles is combined with one of (a) 300 cycles? (b) 350 cycles? (c) 
450 cycles? (d) 500 cycles? 

21. If it is desired to produce a beat note of 250 cycles, what frequency sound 
wave must be added if the original sound has a frequency of (a) 100 cycles? (b) 200 
cycles? (c) 500 cycles? 

22 . What is the intensity of illumination from a 200-candle-power lamp at a 
distance of (a) 2 ft? (b) 5 ft? (c) 20 ft? 

23. What size lamp must be used to produce an intensity of illumination of 10 
foot-candles: (a) 10 ft from the lamp? (b) 5 ft from the lamp? (c) 2 ft from the lamp? 

24. A source of light having a color between red and orange has a frequency of 
450,000,000 me. What is its wavelength in (a) centimeters? (b) Inches? (c) Micro¬ 
inches? 
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26. A source of blue light has a wavelength of 17.5 microinches. What is its 
wavelength in (a) megacycles? (b) Cycles? 

26. What is the frequency of a television carrier wave if its wavelength is 5 
meters? 

27. What is the wavelength of a television transmitter’s sound carrier wave if 
its frequency is 81.75 me? 

2B. A certain f-m radio station operates on an assigned frequency of 101.1 me. 
(a) What is its wavelength in meters? (b) What is its wavelength in feet? 

2B. Television channel 11 is assigned frequencies of 198 to 204 me. What are the 
corresponding wavelengths? 

80. Television channel 4 is assigned frequencies of 66 to 72 me. What are the 
corresponding wavelengths? 

81. Complete the table of frequency and wavelength ratings of the stations listed 
as follows: 


Station 

Location 

Kilo¬ 

cycles 

Me¬ 

ters 

Station 

Location 

Mega¬ 

cycles 

Me¬ 

ters 

WOR 

New York 

710 


WRUL 

Boston 


19 

WCRW 

Chicago 

1210 


W9XPD 

St. Louis 


11 

KRLD 

Dallas 

1040 


WLAP 

Louisville 

1.2 


WWL 

New Orleans 

850 


WLWO 

Cincinnati 


49 

WMBC 

Detroit 

1420 


WPIT 

Pittsburgh 


25 

KPCB 

Seattle 

650 


KGEI 

San Francisco 


31 


32. Add four of your favorite stations to the list of Prob. 31, and fill in their 
frequencies and wavelengths. 

33. Decipher the following code message: 


34. Complete the following code message: 


36. Write the following in Morse code: (o) your name, (b) name of your school, 
(c) city in which you live, (d) state in which you live. 






CHAPTER II 

BASIC THEORY OF ELECTRICITY 

Electricity cannot be perceived by any one of our five senses, as we 
cannot see, hear, taste, smell, or feel it. You may say electricity can be 
seen—look at the electric light. This statement is false, because what is 
seen is not electricity but one of the effects of electron flow. The same may 
be said about the heat from an electric iron or the shock one gets from 
coming in contact with an electric current; in both cases it is the effects of 
electron flow that is felt and not electricity. In the former the wire in the 
iron gets hot and we feel the heat given off, and in the latter it is the burn 
on the body that is felt. 

The exact nature of electricity is not known. However, recent investi¬ 
gations indicate that it consists of small negative charges called electrons. 
When the electrons are standing still, we have electricity at rest, or static 
electricity^ and when they are forced to travel, a movement of electrons 
results and we have electricity in motion, or dynamic electricity. We are 
more concerned with dynamic electricity as it is the kind of electricity 
used in the home, school, factory, and any other place where light, heat, 
ventilation, or some kind of work must be performed. It can be used to 
run a motor that will operate a machine, lift heavy articles, or run a 
locomotive, as well as to supply energy for lighting homes and operating 
radio and television receivers. 

2-1. Electrostatics. Electrostatics may be defined as the study of 
electricity at rest, or static electricity. Static electricity is produced by 
friction, and there are many examples of this frictional electricity in normal 
daily occurrences. After combing one^s hair, the static electricity in the 
comb will cause it to attract bits of paper. After a person walks across a 
rug, very often a spark caused by static electricity will appear if a radiator 
is touched. Trucks carrying a load of gasoline accumulate a charge of 
static electricity; here the spark that may result can cause serious conse¬ 
quences, and to prevent trouble a chain is allowed to drag along the ground 
and pass the static electricity to the earth. Sometimes sparks are ob¬ 
tained from leather belts that are ojjerating machinery. Friction of clouds 
produces static electricity which we know as lightning. 

Electrostatics is one of the first subjects in which man became inter- 
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ested. It had its beginning when man first began to wonder about light¬ 
ning. The start of the science of static electricity, however, is usually 
credited to Thales, a Greek mathematician and philosopher. In about 
the year 600 b.c., Thales discovered that if amber was rubbed it would 
attract light objects. Nothing much was done to further this science until 
about the year 1600 when William Gilbert, an English physicist, conducted 
numerous experiments and found that many other bodies besides amber 
had the same property of attraction after l)eing rubbed. Gilbert is also 
credited with giving electricity its name, for he called the attraction electric 
force and the bodies that possessed the power electrics —after the Greek 
word for amber, which is eleldron. 

Static electricity is of little practical use; in fact, its presence is gener¬ 
ally unwanted. It has, however, served a very useful purpose in the study 
of electricity. Many of the advancements made in the field of dynamic 
or current electricity owe their development to knowledge scientists ob¬ 
tained from electrostatics. The most useful outcomes of static electricity 
are the development of the lightning rod and the capacitor. The modern 
explanation of electricity is based upon the electron theory, Avhich tells us 
that all matter is definitely related to electricity. 

2-2. Structure of Matter. All mattcj- is made up of either a single 
element or a combination of two or more elements which is then called a 
coni'pound. 

Elements. An element is a substance which cannot be decomposed by 
ordinary chemical means. Recently, however, some elements have been 
decomposed by electrical means. At present there are more than 90 ele¬ 
ments known to scit*nc.e, and the electronic structure of each is known. 
All the elements now knoAvn may be divided into the six types listed below. 
With each type there are listed several of its elements that are used in the 
manufacture of various electrical and radio parts. 

1. Inert gases; helium, neon, argon, krypton, xenon 

2. Light metals: sodium, magnesium, barium, calcium, potassium, 
strontium, radium 

3. Rare earths: lanthanum, cerium, holmium, erbium 

4. Heavy metals: iron, copper, silver, aluminum, nickel, cobalt, zinc, 
lead, bismuth, cadmium, thorium, germanium 

5. Nonmetals: boron, carbon, nitrogen, oxygen, chlorine, silicon, phos¬ 
phorus, sulphur, iodine, arsenic, selenium 

6. Hydrogen: Note. This resembles no other element and is there¬ 
fore not considered as being in any of the above divisions. 

Compounds. Although many substances (forms of matter), such as 
copper, silver, and iron, that w e see and use in our daily life are composed 
of a single element, a far greater number of substances are compounds. 
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Paper, wood, glass, clothing, food, stone, fiber, Pakelrte, our bodies, etc., 
are examples of compounds. T.he infinite number of possible combina¬ 
tions that can be made by using any two or more elements, and also by 
varying the proportions of each element used, explains why it is possible 
to have so many different substances. 

lAVA-MlCA-TINSOPIUM CARBON ATE -MON E L * SI L VE R DA I D E 
SODIUM ALUMINUM FLU DRIDE ■ RESIN (SYNTH ETI C) ■ ETHYL ALCOH OL 
LEAD ACETATE-MALACHITE GREE N ■ GLYCE Rl N E • ZINC CHLORIDE ■ IRON 
MARBLE DUST-WOOD FIBER • STRONTIUM NITRATE - LEAD OXIDE ■ ZINC OAIDE 
MI5CH METAL • N IGROSI NE - PORCELAIN-PETROLEUM JELLY -ZINC 
BARIUM CARBONATE C ALCI U M C A R B D N AT E 

LDRIDE 
BON ATE 
)AK E L I r E 
>HD5PN DRUS 
SILICON 
SHELLAC 

tungsten 

TITANIUM 
SILICA 
GLASS 

magnesia 

PLATI NUM 
STRDNTIUM 
MAGNESIUM 
R D 5 I N 
NICKEL 

COBALT 
0 R I D E 

THORIUM 
NITRATE 


Qa5e5 Ujed in ^Manufacture 

NEON - HYDROBEN - MNBON DIOXIDE — ILLUMINATING BAS 
HEUUM - ARGON - NATURAL GAS — NITROGEN — OXYGEN 

Bemertu Eraering inco the f^Ttlanufaciure 

ARGON - ALUMINUM - BORON - BARIUM - CAESIUM - CALCIUM - COPPER - CARBON - CHROMIUM - CHLORINE 

COBALT — HYDROGEN — HELIUM — IRIDIUM — IRON — LEAD — MAGNESIUM — MERCURY - MOLYBDENUM 

NICKEL — NEON — NITROGEN — OXYGEN — POTASSIUM — PHOSPHORUS — PLATINUM — SODIUM — SILVER 
SlUCON - STRONTIUM - TUNGSTEN -THORIUM-TANTALUM -TITANIUM —TIN — ZINC — RARE EARTHS 


2-1. Matt*rial.s u.simI in tlin l OiKstnir-tiDii of railio tuhe-s. [RCA Manufactiiruio Co., Inc.) 

The smallest particle imaginable into which an element can be broken 
down and still retain all the properties of the original element is called an 
atom. The smallest particle into which a compound can be broken down 
and still retain the original properties of the compound is called a molecule. 
Two or more atoms of the various elements, therefore, combine to form a 
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molecule of a compound. The resulting combination may have no physical 
or chemical properties resembling the atoms of the elements of which it is 
made. For example, when two atoms of hydrogen gas combine properly 
with one atom of oxygen gas they form one molecule of water. Chemically 
this is generally expressed as H 2 O, where Ha indicates that there are two 
atoms of hydrogen and 0 indicates one atom of oxygen. Another example 
of a familiar compound is the combination of one atom of sodium, a very 
active heavy metal, and one atom of chlorine, a heavy greenish-yellow 
poisonous gas, which results in common table salt. Chemically this is 
known as sodium chloride and is generally expressed as NaCl, where Na is 
the symbol for sodium and Cl is the symbol for chlorine. 

Size of Molecules and Atoms. A molecule is so small that it cannot be 
seen with the naked eye or even with the use of lenses, because both the 
eye and the lenses are themselves made of a vast number of molecules. 
They would have to become molecular in size in order for the molecules to 
become visible. Molecules are so small that a drop of water contains 
millions of molecules of water. As small as molecules are, they are rela¬ 
tively large compared with an atom, as a molecule may be made up of a 
number of atoms. 

2-3. The Electron Theory of Matter. Research work conducted by 
scientists like Sir William Crookes, J. J. Thomson, Robert A. Millikan, 
Sir Ernest Rutherford, and Niels Bohr has contributed much to the study 
of matter and has led to the electron theory. According to the electron 
theory of matter it is believed that every atom consists of one or more 
positively charged particles called protons and one or more negatively 
charged particles called electrons and that an atom in its normal or neutral 
state has an equal number of protons and electrons. 

Structure of the Atom. The protons, which are about 1845 times the 
weight of an electron, form the heavier central part of the atom called the 
nucleus. The nucleus contains the protons and some other particles of 
which science is not yet certain and which, in our study, are not of great 
importance. We do know, however, that the nucleus is positively charged 
and that some of the atom^s electrons move about the nucleus in orbits 
much as the earth and the other planets move about the sun. These 
electrons that move about the nucleus are referred to as orbital or planetary 
electrons. 

All electrons are alike whether from an atom of copper, oxygen, or any 
of the various elements. The difference in the elements lies solely in the 
number and the arrangement of its protons and electrons. Figure 2-2 
shows atoms of carbon, copper, and aluminum. Each orbit can hold only 
a limited number of electrons, namely, 2, 8, 8, 18, 18, 32, 32, respectively. 
Thus in the case of carbon, which has 12 protons and 6 planetary electrons, 
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the first (inner) orbit will have its full quota of two planetary electrons 
and the remaining four electrons must move in a different orbit. Since 
the second orbit can accommodate eight electrons, it will readily take care 
of these four. 

The atom of copper has 64 protons and 29 orbital electrons. These 
electrons will require four orbits, which will have 2, 8, 8, 11 electrons, re¬ 
spectively. 

The atom of aluminum has 27^ protons and 13 orbital electrons. The 
aluminum atom will therefore have three orbits containing 2, 8, 3 electrons, 
respectively. 

Electrons and Current Flow. Electric current has been described as 
electrons in motion or as a flow of electrons. The copper described above 
is well known as a conductor of electricity; that is, it is a substance that 
offers very little resistance to the flow of electric current. Its ability to 




CARBON 
12 Protons 
6 Orbital electrons 



29 Orbital electrons 



ALUMINUM 
27 Protons 
13 Orbital electrons 


Fio. 2-2,—Structure of carbon, copper, and aluminum atoms. 


provide a good path for the movement of electrons is explained in the fol¬ 
lowing manner ; The electric current is a flow of free electrons set in motion 
by some source such as a battery. These electrons can change their posi¬ 
tion, moving from one atom on to another. Since the outer orbit of the 
copper atom can accommodate more electrons than are present, it is likely 
that the free electrons may travel along a path of copper. 

It is believed that the electrical action in a conductor carrying current 
involves only electrons in the outermost orbit. Figure 2-3 shows what is 
believed to be the path of electrons along a conductor of carbon. Because 
the carbon atom contains only six orbital electrons, it is easier to show a 
conductor of carbon than one of copper, A conductor of copper could 
be shown in a similar manner, but because it has a greater number of 
planetary electrons it would be more difficult to illustrate. 

2-4. Positive and Negative Charges. According to the electron theory, 
all matter consists of positive charges (protons) and negative charges (elec- 



50 


ESSENTIALS OF ELECTRICITY 


[Art. 2-4 


trons). This comparatively new theory also corresponds to the charges 
produced by friction as discovered by Thales. 

When a harchrubber rod is rubbed briskly with cat’s fur or flannel, 
bits of paper and other light objects are attracted by it. The fur or 
flannel also has an attraction for these bodies. When these conditions 
exist, we say that the rod and the wool are electrically charged. When 



Fio. 2-3.—Path of a free electron in a carbon conductor. 



Fir,. 2-4.—Repulsion of two similarly charged rods. 


a glass rod is rubbed briskly with silk, it too will possess the power to 
attract bits of paper and other light objects. 

Law of Charges. If a glass rod suspended on a string, is rubbed 
with silk so that it becomes charged and another glass rod B, also charged 
by rubbing with silk, is brought near to the rod A, it will be found that the 
two rods will repel each other as indicated in Fig. 2-4. If two hard-rubber 
rods, charged by rubbing with fur, were tested in a like manner, it would 
be found that they too would repel each other. But if a charged glass rod 
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is suspended and a charged hard-riibbej* rod is bro\ight near to it, the 
two rods will attract each other as shown in Fig. 2-5. These tests indicate 
two things: (1) there are two kinds of charges; (2) like charges repel each 
other, and unlike charges attract each other. 

Positive and Negative Charges. Benjamin Franklin contributed much to 
electrical science, and he is credited with introducing the idea tiiat elec¬ 
tricity existed in two states, calling the charge on the glass rod 'positive 
and that of the rubber rod negative. The cause of these charges is explained 
by the electron theory in the following manner. When the hard-rubber 
rod is rubbed with the cat’s fur, the friction between them causes some of 
the planetary electrons of the fur to become detached from their Mtc>ms and 
pass to the rubber rod. The rod has gained electrons and is therefore no 



longer in a neutral state but now possesses an excess of electrons and is 
said to have a negative <;harge. The fur has lost electrons, and it too is 
no longer in a neutral state Vnit now has more protons than electrons (be¬ 
cause it has lost electrons) and is said to have a positive charge. 

When the glass rod is rubbed with the silk, the friction between some of 
the planetary electrons of the glass causes them to leave their atoms and 
transfer to the silk. The glass rod, having lost electrons to the silk, is no 
longer in a neutral state but now has more protons than electrons and 
hence is said to have a positive charge. The silk now has an excess of 
electrons and is a negatively charged body. 

2-6. Charging and Discharging. Charging by Contact. A charged 
body, such as a rubber rod, can transmit some of its charge to a neutral 
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body in either of two ways, namely, by contact or by induction. If the 
rubber rod (negatively charged body) is placed so that it makes contact 
with the neutral body as shown in Fig. 2-66, some electrons will pass from 
the rod to the body and thereby charge it. Figure 2-6a shows the body 
with an equal number of protons and electrons, or in a neutral state. In 
Fig. 2-66 the negatively charged body is in contact with the neutral body, 
and electrons pass from the charged body to the neutral body. When 
the negatively charged rod is removed (Fig. 2-6c), the body that had been 


Neutral body. 


r+ + + + (+(+ + + + 


D 


(a) 



Fifi. 2-0.—Charging by contact. 


neutral now has an excess of electrons and is therefore negatively charged. 
If a glass rod (positively charged) had been used, the neutral body would 
have lost some electrons to the glass rod and would, therefore, have be¬ 
come positively charged. In either case the neutral body becomes charged 
by contact, and it takes on a charge of the same polarity as the charged 
body. 

Charging hy Induction. Figure 2-7fl shows a neutral body that is freely 
suspended. If a negatively charged body is brought near, though not in 
actual contact with it as shown in Fig. 2-76, the negative charge will pro- 
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duce B, repelling action on the electrons of the free body. If the free body 
is connected with the ground as shown in Fig. 2-7?), then the repelling action 
would send some of the electrons from the free body to the ground. If 
the charged rod and the ground are removed as shown in Fig. 2-7c, the free 
body will now have more protons than electrons and hence will be positively 
charged. If a charged glass rod had been used, the free body would have 
taken on electrons (from the ground) and would, therefore, have become 
negatively charged. In either case no electrons pass between the free body 



Fio. 2-7.—Charging by induction. 


and the charged body, and the free body is said to be charged by induction. 
It should be noticed that in this case the polarity of the charge on the free 
body is opposite to that of the charging body. 

Discharging. The rate at which a charge passes from a body is de¬ 
pendent largely upon the shape of the body. If it is pointed, the charge 
will pass off very rapidly because the electrons become concentrated in a 
small area and hence build up a considerable pressure. If the body from 
which a discharge takes place has a large area, such as a sphere or ball, 
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the electrons are distributed over a large area and the pressure causing 
the discharge is very small. Therefore, if it is desired to build up a large 
charge, it is necessary to have a large area; this is actually done in building 
capacitors (discussed in Chap. IX). 

Lightning. Lightning is the discharge that occurs between clouds of 
unlike charges or between a cloud and the earth. Benjamin Franklin 
proved with his famous kite-and-key experiment that lightning and elec¬ 
tricity were really the same thing. Man has long wondered about light¬ 
ning and sought to understand its cause. It is now believed that during 
the uprush of warm moist air from the earth the friction between the air 
and the tiny particles of water causes the building up of charges. When 
drops of water are formed, the larger drops become positively charged 
and the smaller drops become negatively charged. When the drops of 
water accumulate, they form clouds, and hence clouds may possess either 
a positive or negative charge, depending upon the charge of the drops of 
water they contain. The charge on a cloud may become so great that it 
will discharge to another cloud or to the earth, and we call this disidiarge 
lightning. Tlie thunder which accompanies lightning is caused by the 
lightning suddenly heating the air, thereby causing it to expand. The 
surrounding air pushes the expanded air back and forth causing the Avave 
motion of the air which we recognize as thunder. 

Lightning Rods. The purpose of the lightning rod is to offer protec¬ 
tion from lightning discharges by discharging small electrical charges as 
rapidly as they accumulate. Because pointed objects are relieved of 
charges more rapidly than any other shaped bodies, the lightning rod is 
made with a point. 

In Fig. 2-8, the cloud has a positive charge, and it induces a negative 
charge on the lightning rods on the house. The moleculcwS surrounding 
the points of the rods become negatively charged (by induction) and repel 
one another as they accumulate. Also, the cloud, being of opposite charge, 
attracts some of these charges. Each charged molecule that reaches the 
cloud neutralizes some of the charge on the cloud. Usually this action 
completely discharges the cloud. However, if the cloud has a very strong 
charge, it will attract electrons with a terrific force. These electrons are 
drawn up from the earth through the lightning rod, which is intentionally 
made of a good conductor to provide a safe path. If the house did not 
have the lightning rod, the electrons would rush through the material of 
which the house is made. If the house were made of wood (a poor con¬ 
ductor), the rush of electrons woidd cause much heat and would quite 
likely set the house afire. 

It is evident that lightning rods do not prevent lightning but rather 
prevent charges from accumulating on the buildings to Avhich they are 
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attached. The lower end of the rod should be attached to a conductor 
embedded deep enough in the ground so that it is always in moist earth. 
If it is not properly grounded, the lightning rod will prove more of a menace 
than a protection because it will invite cloud discharges. 

Single tall objects in open spaces such as a farmhouse or a single tree 
in a large field will accumulate charges rapidly and are therefore very likely 
to be struck by lightning. Farm buildings, church steeples, high brick 
chimneys, etc., are frequently protected by lightning rods. Steel buildings 
in a city have numerous metal parts that extend into the ground and there¬ 
fore have a good deal of protection. 



Fir.'. 2-S. —Appliratinn of the liKhtiiiiiR rod. 

2-6. Electrostatic Fields. Electrostatic Field. Figure 2-4 indicates 
that, when the positively charged glass rod B is brought close to the posi¬ 
tively charged glass rod A, they will repel each other and cause the freely 
suspended rod A to move away from B. The fact that this action can take 
place without the rods making actual contact indicates that the air about 
the rods has been affected by the charges. The area about a charged body 
that is influenced by that charge is called its electrostatic field. As a force 
of repulsion (or attraction in the case of unlike charges) exists in this area, 
it is also known as the field of force. 

Electrostatic Lines of Force. The field about a charged body is generally 
represented by lines which are referred to as electrostatic lines of force. 
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These lines are only imaginary lines and are used merely to represent the 
direction and strength of the field. To avoid confusion, the lines about a 
positive charge are always shown leaving the charge, and for a negative 
they are shown as entering the charge. Figure 2-9 illustrates the use of 
lines to represent the field about a positive charge and a negative charge, 




CaJ (b) 

Fiq. 2-9.—Electrostatic fields: (a) positive charge, (b) negative charge. 




fb) 

Fiq. 2-10.—Electrostatic fields: (o) like charges, (b) unlike charges. 

while Fig. 2-10 illustrates the electrostatic field due to like charges and to 
unlike charges. 

Force between Oharffes. Figure 2-11 shows two negative charges placed 
one centimeter apart. The charges repel each other with a force of one 
dyne. This illustrates the unit of electrostatic charge, which, by defini- 
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tion, is a charge that repels another equal and like charge one centimeter 
away with a force of one dyne. The electrostatic unit is generally abbre¬ 
viated esu. 

Coulomb proved (about the year 1785) that the force between two 
charges is directly proportional to the product of the charges and inversely 
proportional to the square of the distance between the charges. This is 
expressed mathematically as 


F = 


?2 

kd} 


(2-1) 


where F = 

?i = 
?2 = 
d = 
k = 

Note. 


force, dynes 

strength of charge 1, esu 
strength of charge 2, esu 
distance between charges, centimeters 

dielectric constant of the medium through which the force is 
exerted. 

k for vacuum and air is 1; for other materials see Appendix VI. 


/ 



t dynn 


Fio. 2-11.—Unit electroatatic charge. 


Example 2-1. What force is exerted between two negative charges of 10 and 20 
electrostatic units, respectively, when placed two centimeters apart in air? 

Given: Find: 

gi = 10 F — ? 

«/* - 20 
k « 1 
d - 2 

Solution: 


k(P 

10 X 20 
" 1 X 2 X 2 

= 50 dynes (repulsion) 

Example 2-2. What force is exerted between two charges, one negative and one 
positive, each with a strength of 50 electrostatic units? They are placed in air four 
centimeters apart. 
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Given: 

(7i = 50 
q-i = 50 
k = \ 
d = 4 

Solution: 

_ ^±92 
k<P 

_ 50 X 50 

~ 1 X 4 X 4 

= 156 dynes (aLtractii)ii) 

2-7. Introduction to Dynamic or Current Electricity. Potmtial. Fig¬ 
ure 2-12 shows two nietjil spheres of unequal size, each mounted on an 
insulated stand. Jt is assumed that each is cliarged with a similar amount 

of negative electricity. The charges on each 
sphere will be eveidy distributed over its own 
surface because of the mutual repulsion be¬ 
tween the individual like charges. Since A is 
smaller, ytd/ has the same amount of charge, 
the repulsion on spherti A is greater than on 
sphere B because the distance between charges 
is smaller [see Eq. (2-1)]. There is more force 
tending to rid sphere A of its charge than 
tending to rid B. We say that the pressure 
or potential of sphere A is grt'aler than that of 
spliej-e B. If the two spheres are connected by a wire, elect rons will flow 
from A to B and will flow until the potentials of the two bodies nrv the 
same. The flow of electrons in the wire is called an electric current. 

Difference of I^oieniial. In curi*ent electricity the difTerence of potential 
is of great importance, for in order to maintain a flow of electrons there must 
be a continual difTerence of potential between tlie two points in which the 
electron flow is desired. 

Potential is measured relative to that of the earth, the i)otential of the 
earth being considered as zero. Notice that this is onl}^ a level of potential. 
Positively charged bodies have a higher potential than that of the earth 
and negatively charged bodies lower than that of the earth. The unit of 
potential is the volt. 

Current Flow. Current flow has already been described as a movement 
of electrons. Such a movement occurs whenever a wire (conductor) is 
connected between two points of different potential. If one end of a wire 
is connected to a negative potential and the other end is connected to the 



I'li;. 2-12.—Sphorcs uf un- 
tuiiiiil .sizD vi.sprl ti) rlmiionslrate 
the runrptilraliDii i»f oliarKPS. 


Find: 

F = ? 



Art. 2-8] 


BASIC THEORY OF ELECTRICITY 


59 


positive, electrons will flow from the negative to the positive. If both 
ends of the wire are connected to positive potential but of different levels, 
the electrons will flow from the lower positive potential to the higher. If 
both ends of the wire are connected to negative potential but of different 
levels, the electrons will flow from the higher negative potential to the 
lower. 

According to the electron theory, when an electric current flows through 
a circuit, electrons are continually flowing and no matter how great the 
flow or how long it is maintained, no part of the circuit ever gains any 
weight. It is evident then that electricity is never made, but, rather, that 
part of the amount already existing is set into motion, thus producing an 
electron flow. 

2-8. Methods of Producing an Electric Current. It has been shown 
that in order to obtain an electron flow it is necessary to establish and 
maintain a difference of potential between the two points in which the 
electron flow is desired. There are three methods that may be used to set 
up a potential difference, namely, chemical, tliermal, and magnetic. 

Chemical Method. In this method, two dissimilar metals, such as cop¬ 
per and zinc, called clemenU^ are immersed in a salt solution called the 
electrolyte. When the elements are connected at their terminals by a wire 
or any other form of conductor, a chemical action takes place, causing an 
electric current to flow through the conductor. A unit such as this is 
called a cell, and a combination of two or more cells properly connected is 
known as a hailery. Imless the battery is very large, the amount of elec¬ 
tricity that can be obtained by this method is very small. Because of this 
cumbersome feature and also because of the initial high cost and expensive 
upkeep, batteries are used only (1) where a small electric current is needed, 
(2) where a portable source of electricity is required, (3) for a reserve supply 
in case of an emergency. The first use is illustrated by the dry cells em¬ 
ployed in our homes for ringing doorbells; the second use, by the cells in 
flashlights, portable radios, and the storage batteries in automobiles; and 
the third use, by the batteries kept in hospitals to supply light and power 
during the interval when the power lines fail and the hospitahs own gener¬ 
ating system is started. 

Thermal Method. An electric current can be produced by heating two 
dissimilar metals at their junction point as illustrated in Fig. 2-13. This 
is called a thermocouple. The amount of electricity that can be obtained 
by this method will depend upon the heat applied and the metals used, 
different metals giving different amounts of electricity. Practical combina¬ 
tions are made from antimony and bismuth, German silver and copper 
sulphide, copper and constantan, iron and constantan. The amount of 
electricity produced at any one junction point is very small, and therefore 
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its uses are limited. Three important iises of a thermocouple are (1) to 
measure the heat inside large furnaces or wherever a thermometer is not 
practical; (2) to measure high-frequency currents; (3) as a protective device. 
This thermoelectric effect sometimes causes trouble in radio sets when a 
soldered joint composed of copper, tin, and lead is heated by a nearby tube, 
resistor, or transformer. The voltage produced is very small. If ampli¬ 
fied, it may make disturbing noises in the loudspeaker. In public-address 
systems or wherever high amplification is used, both the stationary and 
movable contacts of all adjustable elements must be made of the same 





Fio. 2-13.—Three methods of obtaining an electric current; (a) chemical, (ft) thermal, (n) 
magnetic. 

material; otherwise the voltage introduced may cause noises to be produced 
in the loudspeaker. 

Magnetic Method. Electricity may be produced in a conductor when¬ 
ever it is cut by or is itself cutting through lines of force coming from a 
magnet or from another conductor. The act of forcing the electrons to 
move in a conductor by either of these means is called electromagnetic in¬ 
duction. The amount of electricity obtained will depend upon the number 
of magnetic lines to be cut, the number of conductors cutting them, and 
the speed with which it is done. This is the basic principle of the electric 
generator and the alternator, the former producing a direct current and the 
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latter an alternating current. Its flexibility as to the amount of electricity 
obtained, its ease of production, and its low cost make it the most practical 
method of obtaining electricity. Because of this it is the means by which 
practically all the electricity used in the world is obtained. 

To rotate the conductors so as to cut the magnetic lines, we may use 
a Avater wheel, steam turbine, gas engine, or Diesel engine. Which one of 
these methods is used depends upon the locality and the amount of elec¬ 
tricity required. 



Fiu. 2-14—Modsm applicationh of the three methods of producing an electric current: (a) 
chemii-al, thermal, (c) magiietiL. 

2-9. Effects of Electric Current. Wlien an electric current flows through 
a conductor, it produces a number of effects, the three most important being 
(1) thermal, (2) chemical, (3) magnetic. The operation of all electrical 
appliances, devices, instruments, or machinery is based on one or more of 
these effects. 

Thermal Effect Any conductor through which an electric current flows 
will become heated owing to the fact that energy is used in forcing the cur¬ 
rent through the resistance offered by the conductor. The rise in tempera¬ 
ture may be small or large, according to the current flowing and the resist¬ 
ance offered to the flow, but some heat is always produced. Because of 
this effect we are able to have the various electrical heating devices such as 
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soldering irons, baking ovens, irons, toasters, and heating pads. The 
current flowing through an electric lamp heats the filament to incandes¬ 
cence causing the lamp to give ofT light. Vacuum tubes use this etfect as 
their basic principle of operation, as any material will emit electrons when 
heated. This heat is obtained by having an electric current flow through 
a wire inside the tube. 

Chemical Effect Chemically, an electric rairrent is capable of decom¬ 
posing water, that is, breaking it up into its elements of hydrogen and 
oxygen. This effect, the decomposition of a chemical compound by an 
electric current, is called and is used in all applii'ations of the 

chemical effect of electron flow. Ihittery cells, electiopiating, electro- 
typing, and therapeutics are a few illustrations of the many applications of 
electrolysis. 



I'lij. 2-15 - Usi**, of of tliL* Ihroi* pffwls of I'leclnr' L*uirL*iiL (r;) thtMiiuiil, (/>) nipiinal, (t.) 
iiinf^nciic 


Magnetic Effect. An electric current flowing in a conductor causes it 
to be surrounded by a magnetic field consisting of liiu's of foice encircling 
the conductor at all points. This efi’ect is the basis of operatifin of all 
motors, generators, induction coils, and transformers; in fact, practically 
all electrical machinery and many electrical dcAuces use this effect. 

2-10. Kinds of Electric Current, All electrical currents are essentially 
the same in nature, but they may vary in their method of flow, direction, 
current strength, or a combination of these. There are six different kinds 
of electric currents: (1) continuous, (2) pulsating, (3) direct, (4) alternat¬ 
ing, (5) oscillatory, (6) interrupted. 

Contmuous Current. A continuous current is tme in which the direction 
and amount of current flow does not vary with time. Referring to Fig. 
2-16, it can be seen that the direction of flow does not change and that the 
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intensity of the current is constant at all times as — /a = /a, etc. Con¬ 
tinuous currents are obtained from battery cells. 

Pulsating Currmt. The direction of flow of a pulsating current is 
constant, but its strength rises and falls at fixed intervals. In Fig. 2-16, 
h = it = ^3, etc. Pulsating currents are obtained from any rectifier of 
alternating currents. The difference between the maximum and mini¬ 
mum values will depend on the rectifier and its filter circuit; the better the 
rectifier and its filter circuif, the smaller this difference becomes and the 
nearer the pulsating current approaches being a continuous current. There 
are numerous types of electric current of various wave forms used in radio 
and television that are variations of pulsating current. 

Direct Current. A direct current is a pulsating current whose flow 
varies so little that it is almost equivalent to a continuous current. Be¬ 
cause the current flows in only one direction, it is a unidirectional current. 
This has been abbreviated l)y common usage to simply direct current. 
Direct-current generators actually generate an alternating current, but 
the commutator rectifies it to a direct current. Increasing the number ®f 
commutator segments will reduce the difference between the value of the 
maximum and minimum currents. 

Alternating Current. An alternating current reverses its direction of 
flow at fixed intervals. During each interval the current rises from zero 
to maximum, then diminishes from maximum to zero. Referring to Fig. 
2-16, it can be seen that (1) the current flows in a positive direction during 
the intervals t-A, etc., and in a negative direction during the intervals 
t'h U, etc.; (2) the intervals are all equal as U = U = otc.; (3) the maxi¬ 
mum current in the positive direction is equal to the maximum current 
in the negative direction. Alternating currents are produced by a-c 
generators commonly called alternators. Because an alternating current 
can be readily transformed from h)W to high voltages, and vice versa, it 
is possible to send large amounts of power at a low current through con¬ 
ductors having a comparatively small diameter. It is, therefore, cheaper 
to transmit an alternating current over great distances than a direct cur¬ 
rent, and for this reason it is the type of current usually found in homes, 
offices, and any other building. 

Oscillatory Current. An oscillatory current is one which reverses its 
direction at fixed intervals and decreases in magnitude with each reversal 
until all current flow ceases. An example of an oscillatory current occurs 
when a capacitor is discharged through an inductor and a resistor. The 
energy stored in the capacitor will be transferred to the inductor, which 
will then in turn return its energy to the capacitor. This process repeats 
itself, but during each transfer some of the energy is dissipated (given off 
as heat) at the resistor. The time required for the capacitor to discharge 
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completely and the maximum value of the current will depend on various 
factors in the circuit, such as the voltage applied and the size of the capaci¬ 
tor, inductor, and resistor. 

Interrupted Current. An interrupted current is one in which the circuit 
is made and broken at fixed intervals. It may be an alternating, direct, 
pulsating, or continuous current. Interrupted currents can be obtained 
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Fig. 2-1 G.—Six kinds of electrin current. 


by either mechanical or electrical means. An example of the mechanical 
means of interrupting a current is the rotating drum which is used to break 
an electric circuit at definite intervals. The rotating-drum method may 
be used to control the lights on the various parts of an electric flashing 
sign. By this means it is possible to control the number of lights in various 
circuits and also the intervals at which these lights are turned on and off. 
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Interrupted currents can be obtained electricaily by several methods. 
One method, used in some types of portable radio receivers and electronic 
devices, employs a vibrating coil in its power-supply circuit to increase 
the comparatively low battery voltage to a higher voltage required by the 
radio receiver or electronic device. Another method of interrupting a 
current by electronic means is to apply (at the desired intervals of time) 



(a) Cb) (c) td) 



(e) (f) 



(i) (j) (h) (1) 



(m) (n) (o) (p) 


Fio. 2-17.—Complex waves. 

an amount of voltage to the control grid of a vacuum tube sufficient to 
interrupt the flow of current in its plate circuit. 

Complex Currents, Combinations of two or more of the various funda¬ 
mental types of current described in the preceding paragraphs will result 
in a current of complex wave form. Currents having a complex wave 
form will be encountered in radio and television circuits, especially in tele¬ 
vision receivers. Figure 2-17 illustrates a number of wave forms that are 
either variations of the fundamental waves or are complex waves. 

2-11. Ohm's Law. The flow of electrons through a circuit resembles 
in many ways the flow of water through pipes. Therefore, the action of an 
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electric current can be understood by comparing its flow with the flow of 
water. 

Hydraulic Analogy of Current Flow. In hydraulics, which is the scien¬ 
tific study of the flow of water in pipes, there are three fundamental con¬ 
siderations, namely, (1) the cause of the flow, (2) the amount of flow in a 
given time, or rate of flow, (3) the factors regulating the flow. 

The rate of flow is controlled by hydraulic pressure obtained by means 
of pumps. If the pressure is increased, the amount of water flowing will 
he increased; if the pressure is decreased, the rate of water flow will de¬ 
crease; and if there is no pressure, the water will stand still. The rate of 
water flow is, therefore, directly proportional to the pressure causing it to 
flow. If the resistance (friction, bends, elbows) is increased, the flow of 
water will be decreased, and if the resistance is decreased, the flow will 
increase. The rate of water flow is, therefore, inversely proportional to 
the resistance of the pipes through which it must flow. 

The foregoing conclusions can be expressed by the simple mathematical 
equation 


■n c . n hydraulic pressure 

Rate of water flow = — v ,. . — 

resistance of the pipes 

In the study of electricity there are three fundamental terms that 
compare with the three factors in liydraulics; 

Electric pressure is called voltage. 

Rate of electron flow is called current. 

Electric resistance is called resistance. 

Substituting the comparative electrical terms in the above equation, 

Current = (2-2) 

resistance 

Ohm's Law. The mathematical relation between voltage, current, and 
resistance was discovered by Georg Simon Ohm and is therefore called 
Ohm's law. Ohm’s law is the foundation upon which the study of all 
branches of electricity is based. It is essential that this law be fully under¬ 
stood before a study of any one of the branches of electricity is attempted. 
Ohm’s law may be stated in three forms, the first as in Eq. (2-2) and the 
others as in Eqs. (2-3) and (2-4). 

Equation (2-2) can be used to find the current that will flow in a circuit 
when the resistance and voltage are known. This equation can be trans¬ 
posed by algebra so that it will be possible to solve for the voltage when 
the current and resistance are known. This may be done by multiplying 
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both sides of Eq. (2-2) by resistance and then simplifying the equation, 
which will produce the new equation 

Voltage = current X resistance (2-3) 

An equation to solve for resistance when the voltage and current are known 
can be obtained by dividing both sides of Eq. (2-3) by current and then 
simplifying the equation; this will produce the equation 

Resistance = —(2-4) 
current 

A study of these three equations will lead to the following conclusions: 

1. From Eq. (2-2) it can l)e seen that the current flowing in a circuit 
having a fixed amount of resistance will increase with an increase in the 
voltage and decrease with a decrease in voltage. Also, the current flowing 
in a circuit with a fixed amount of voltage will decrease with an increase 
in resistance and increase with a decrease in resistance. This may be 
stated more briefly: the current flowing in a circuii varies directly with 
the voltage and inversely with the resistance. 

2. From Eq. (2-3) it can be seen that the voltage at any circuit or 
circuit element is directly proportional to the current and resistance of 
the circuit or circuit element. 

3. From Eq. (2-4) it can be seen that the resistance requirements of a 
circuit or circuit element vary directly with the voltage and inversely with 
the current. 

2-12. Fundamental Electrical Units. In every scientific field there are 
definite and precise units of measurement. In electrical work the basic 
units are the volt, ampere, and ohm. In practical work the numerical 
values of voltage and current of a circuit are obtained by use of a volt¬ 
meter and an ammeter. The resistance of a circuit may l)e obtained by 
the calculations of Ohm’s law when the current and voltage are known, or 
it may be measured directly with a bridge or with an ohmmeter as is com¬ 
mon in radio and television work. For voltmeters, ammeters, and ohm- 
meters to provide accurate indications of voltage, current, and ohms, they 
are calibrated to conform to standard meters of these quantities. Stand¬ 
ard instruments are maintained by meter manufacturers and precision 
measuring laboratories, who in turn periodically have their instruments 
checked with United States standards at the National Bureau of Standards 
at Washington. 

Standard Units. So that the volt, ampere, and ohm might represent 
the same value all over the world, standards were set up by an international 
commission in 1881 and made legal by the governments of all civilized 
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Fig. 2-lS.—Comparison of electrical and hydraulic terms and units. 
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countries. In 1893 the following standards were adopted by the Inter¬ 
national Electrical Congress at Chicago: The international ampere was 
defined as the amount of current which, when passed through a specified 
standard solution of nitrate of silver and water, deposits silver at the rate 
of 0.001118 gram per second. The international ohm was defined as the 
resistance of a column of mercury of uniform cross section having a length 
of 106.3 centimeters and a mass of 14.4521 grams at 0° centigrade. The 
international volt was defined as the output of the Clark standard cell. 
In 1912, the international volt was redefined as the output of the Weston 
normal cell and was later changed to 1/1.0183 of the voltage of the Weston 
normal cell. 

In 1948 the units of volts, amperes, and ohms in the United States were 
changed from the international units to absolute units. The absolute 
units are based on electromagnetic principles instead of the rate of de¬ 
positing silver for current measurements and the resistance of a column 
of mercury for the standard ohm. The new standards are now expressed 
in the centimeter-gram-second system of measurements, which is desirable 
because it is the system used in the fundamental mechanical units of length, 
mass, and time. 

The old international units can be converted to the new absolute units 
by multiplying currents by 1.000495 and voltages by 1.00033. These 
conversion factors indicate that the variation between the two systems is 
very small, in fact so small that they have no effect on ordinary measure¬ 
ments made in practical work on electrical, radio, and television circuits. 

The Ampere in Terms of the Electron Theory, In an electrical conductor 
there arc some electrons which are rather loosely bound to the atoms and 
are able to travel more or less freely from one atom to another; these are 
called free electrons. Under ordinary conditions the free electrons do not 
travel in any particular direction, but when a conductor is connected to 
the terminals of a source of electrical energy, such as a battery or a genera¬ 
tor, there will be a movement of free electrons from the negative terminal 
toward the positive terminal of the power source. If the voltage of the 
power source is increased, the number of electrons moving from the nega¬ 
tive toward the positive terminals increases. 

The ampere is used to express the rate of flow of electrons, but as the 
electron represents a very small quantity it is necessary to have 6,280,- 
000,000,000,000,000 (6.28 quintillion) electrons flowing past a point to 
constitute one ampere. Because such a large number is difficult to use, 
it is replaced by the coulomb, which represents a charge of 6.28 X 10® 
(see Art. 4-14) electrons. Thus the ampere, named after Andr6 Marie 
Amp5re, is the quantity of electricity equivalent to one coulomb passing 
a given point per second. 
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The Volt. It has been showTi that the free electrons in a conductor 
can be made to flow in a definite direction by applying a positive-charge 
terminal to one end of a conductor and a negative-charge terminal to the 
other end. These charges exert a force on the electrons and cause them to 
move in the direction from negative toward positive. An electric force there¬ 
fore exists between any two bodies having different polarities of charge and is 
called the deciromoiive force, which is generally abbreviated as emf or EMF. 
The practical unit of emf is the volt, named in honor of Alessandro Volta, 
and is equivalent to the electric pressure required to force one ampere 
through a resistance whose value is one ohm. Through common usage, 
the emf of various sources of electric energy is often referred to as voltage 
rather than electromotive force. Various amounts of voltage can be de¬ 
veloped by any one of the three methods of producing electron flow. These 
devices produce a continuous difference of potential between their termi¬ 
nals. 

The Ohm. Certain materials allow the free electrons to travel through 
them more easily than do other materials. These materials offer a com¬ 
paratively small amount of resistance to the flow of electron current and 
are called conductors. The unit of electrical resistance is the ohm, named 
in honor of Georg Simon Ohm, and is equal to the amount of opposition 
offered by a c-onductor to the flow of one ampere of current when a pressure 
of one volt is applied across its terminals. 

Practical Units. The practical units used in electricity, radio, televi¬ 
sion, and electronics have been adopted from the standards described 
above. These units are: (1) the ampere, for current flow; (2) the volt, for 
electrical pressure; (3) the ohm, for the resistance offered to the flow of 
current. 

The mathematical relation between these terms is expressed by Ohm^s 
law and has been stated as Eqs. (2-2), (2-3), and (2-4). It is common 
practice to express Ohm’s law by using symbols for the words ampere, 
volt, resistance (see Art. 2-15). The symbol for ampere is 7, for volt E, 
and for resistance R. Equations (2-2), (2-3), and (2-4) then become 


Amperes 

_ volts 
ohms 

or 

II 

(2-5) 

Volts 

= amperes X ohms 

or 

E = IR 

(2-6) 

Ohms 

volts 

amperes 

or 

II 

0^ 

(2-7) 


Exmiiplv, 2-3. ITow ]nui!h current flow.s through nn electric circuit that has a 
resistance of 20 ohms and is connected to a power supply whose pressure is 110 volts? 

Given: Find: 

= 20 7 = ? 

E = 110 
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Solution: 



11^0 

20 


= 5.5 amp 

Exani'ple 2-4. What is thn resistaiifM* of a circuit that has a current of 2.5 amperes 
flowing through it when the electrical pressure is 125 volts? 

Given; Find: 

I =2.5 R = ? 

E = 125 

Solution: 



125 

2.5 


= 50 ohms 


Example 2-5. What pressure is required to cause 1.75 amperes to flow through 
a circuit whose resistance is 00 ohms? 

Given: Find: 

/ = 1.75 E = ? 

R = 00 


Solution; 


E = IR 

= 1.75 X 60 
= 105 volts 


2-13- Work, Power, Energy. Work. Work is the accomplishment of 
motion against the action of a force tending to resist it. Work may be 
(1) useful, as drilling holes in a large sheet of steel; (2) destructive, as 
tearing one’s clothes; (3) pleasant, as hitting a baseball for a home run; (4) 
accidental, as falling down a flight of stairs. In all cases, work is accom¬ 
plished by the action of some force through a distance. Therefore, the 
work done upon any body Avould be equal to the product of the force 
exerted upon it and the distance through which it acts. Expressed mathe¬ 
matically, 

Work = force X distance (2-8) 

If the distance is expressed in feet and the force in pounds, then the 
work done will be expressed in foot-pounds. 

Time is not a factor in the consideration of work done. For example, 
one person, being fairly strong, could move a 100-pound bag of sand across 
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a room 10 feet long in one trip taking one minute, and another person, 
not being so strong, might have to do it in 10 trips, carrying 10 pounds in 
each trip and taking one minute per trip. In both cases the work accom¬ 
plished would be the same. 

Work done first case = 100 lb X 10 ft = 1000 ft-lb 

Work done second case = 10 lb X 10 ft X 10 trips = 1000 ft-lb 

Power. Power is the rate of doing work per unit of time. Therefore, 
it may be said that the first person possessed more power than the second 
because he did the job at the rate of 1000 foot-pounds per minute, while 
the second one worked at the rate of 100 foot-pounds per minute to do the 
same job. Expressed mathematically, 

Power = (2-9) 

time 


It has been established that the average work horse could work at the 
rate of 33,000 foot-pounds per minute, or 550 foot-pounds per second. 
Thus the horsepower is a larger unit of power and is equal to 


Horsepower = 
Horsepower = 


foot-pounds of work per minute 

(2-10) 

33,000 

foot-pounds of work per second 

(2-11) 

550 


The work done by the flow of an electric current may be the illumina¬ 
tion of a room, the running of a motor for almost any kind of mechanical 
work, the operation of a radio receiver or transmitter, etc. The unit of 
electrical power is the watt, and it is equivalent to the work done in one 
second by a steady current flow of one ampere flowing under a pressure of 
one volt. Mathematically this is expressed as 

1 watt = 1 volt X 1 ampere 


or Watts = volts X amperes P = E X I (2-12) 

If E/R, which is the equivalent of I as indicated in Eq. (2-5), is substi¬ 
tuted for I in Eq. (2-12), it becomes P = E X E/R, or 

(volts)^ 


Watts = 


ohms 


R 


(2-13) 


Also, if IR, which is the equivalent of £ as indicated in Eq. (2-6), is sub¬ 
stituted for E in Eq. (2-12), it becomes P = IR X I, or 

Watts = (amperes)* X olims P = fR 


(2-14) 
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The above equations provide three means of calculating the power 
of a circuit. The equation to be used is best determined by first identify¬ 
ing the known quantities and then choosing the equation which best fits 
the conditions. A careful examination of the above equations will show 
that an equation has been provided for each combination of two known 
quantities of the Ohm’s law group, namely, E, 7, and R. 

Example 2-6. What power is consumed by a circuit that has a current of 2.5 
amperes flowing when connected to a source whose pressure is 120 volts? 

Given: 

I = 2.5 
E = 120 

Solution: 

P ^ EXI 
= 120 X 2.5 
= 300 watts 

Example 2-7. What power is consumed by a circuit whose resistance is 80 ohms 
and which has a current of 1.5 amperes flowing? 

Given: 

R = SO 
I = 1.5 

Solution: 

P = PR 

- 1.5 X 1.5 X 80 
= 180 watts 

Example 2-8. What power is consumed by a circuit whose resistance is 75 ohms 
and which is connected to a source whose pressure is 15 volts? 

Given: 

R = 75 
E = 15 

Solution: 



15 X 15 
75 

= 3 watts 

Energy. Energy is the capacity to do work. The units for energy 
are, therefore, the same as those for work. The amount of energy in the 
universe is always constant, for, according to the law of conservation of 
energy, it can neither be created nor destroyed but is merely changed from 
one form to another. A battery changes chemical energy into electrical 


Find: 

P = ? 


Find: 

P = ? 


Find: 

P = ? 
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energy, and a generator changes mechanical energy into electrical energy. 
The energy of an electric current will be the energy of the moving electrons. 

If a 100-watt lamp was placed in a room and no current flowed through 
its filament, the lamp would radiate no light. No work would be done, 
and therefore no energy would be used. If an electric current was caused 
to flow through its filament for one hour, the lamp would radiate light for 
one hour and would perform 100 watt-hours of work, thereby using 100 
watt-hours of electrical energy. Expressed mathematically. 

Energy (watt-hours) = power (watts) X time (hours) (2-15) 

2-14. Other Units. The units of electricity such as the volt, ampere, 
ohm, and watt are basic quantities for the smaller and larger units that 
are necessary to use from time to time. The names of these units are 
formed by using the base name and a prefix to designate the quantity. 

The prefix milli- means one-thousandth (, „) and micro-, one-millionth 

(i (j o^ Both these prt^fixt's are used to designate the small amounts 
of voltage and current in electrical instruments and various radio, televi¬ 
sion, and electronic circuits. 


1 millivolt = 
1 milliamperc = 
1 microvolt = 


1 

looo 

1 

iCHDO 


1 


1 , 000,000 


of a volt 
of an ampere 
of a volt 


1 microampere = 


1 

ism^ 


of 


an ampere 


The prelix kilo- means one thousand (1000) and is used to designate 
large amounts of voltage, power, and energy. 

1 kilovolt = 1000 volt.s 
1 kilowatt = 1000 watts 
1 kilowatt-hour = 1000 watt-hours 


Another unit of electrical power is the horsepower: 

1 horsepower = 746 watts 

The prefix meg- means one million (1,000,000) and is used to designate 
high resistances such as the grid leak and insulation resistances. 

1 megohm = 1,000,000 ohms 
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2-lB. Symbols and Abbreviations. Symbols. Symbols may be defined 
as abbreviations for any item or classification and may consist of letters, 
figures, emblems, or signs. The purpose of symbols is (1) to indicate 
definitely a particular item to the exclusion of all others and (2) to obtain 
brevity in the Avriting of equations, specifications, reports, draAvings, etc. 
Symbols promote exactness, because each symlxd is definitely associated 
AAuth only one item. A description of an article or an electrical circuit 
may be vague, even though the Avords are used in the true sense of their 
dictionary definitions, for the reason that all persons do not ascribe the 
same meaning to Avords. It is easier to AATite $12.‘1.45 than “one hundred 



and tAventy-three dollars and forty-five cents,” and it Avould be quite a 
problem to add 20 or more different amounts of money if each amount 
had to be Avritten out instead of using symbols. 

Symbols used for the diagrammatic representation of electrical, radio, 
television, and electronic apparatus have not all been standardized, and 
various modifications Avill be found. Those listed in Appendix I are the 
forms easily understood and easily made and are therefore the ones most 
commonly used. There is likeAAUse no definite standard of size, and those 
listed are drawn to a scale used in general practice. At times, it may be 
necessary to enlarge or reduce the size of the symbols listed. When this 
is done, care must be taken so that all the symbols used are enlarged or 
reduced in the same proportion. 

Abbreviations. The terms voltage, current, resistance, power, etc., are 
very seldom Avritten out in the solution of problems or in an explanation 
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of any electronic or radio circuit. It is common practice to use the follow¬ 
ing abbreviations for the few terms that have been mentioned. A com¬ 
plete list will be found in Appendix 11. In general, capital letters are used 
to denote the total current, resistance, power, etc., in a circuit and small 
letters to denote the resistance, current, power, etc., in any branch or part 
of a circuit. 


E 


E, 

Eo.a 




e 


Bo 

Bo 

Cr 

I or i 
R or r 
n or Cl) 

P or p 
W or en 


The first letter of the abbreviation for electromotive force, 
used to designate the voltage applied to any circuit from a 
power supply. The subscript method of notation is used to 
denote the source of the applied emf as: 

Voltage supplied from a battery 
Voltage supplied from generator A 
Voltage supplied from a power line 

The first letter of the abbreviation for electromotive force 
is used to designate voltage drops and all applied or output 
voltages other than those from power supplies. For ex¬ 
ample : 

Input signal voltage, as applied to the grid circuit of a 
vacuum tube 

Output voltage, as of an amplifier unit 

Voltage drop, as the pressure lost in forcing a current 
through a resistor 
Current flow 
Resistance 

A symbol used in place of the word ohm 

Power 

Energy 


2-16. How to Solve Problems: 

1. Read the problem very carefully. 

2. Note the values that are given and the values to be found. 

3. Draw a circuit diagram wherever possible. 

4. Using the various equations that are known, find the one that in¬ 
volves the known and unknown values. 

5. If none of the equations available will meet the needs, then find 
one that involves most of the knowns and that, when solved, will produce 
a value that can be used in another equation to solve for the desired un¬ 
known. 

6. Write down the equation. 

7. Substitute the known values. 

8. Solve for the unknown, performing all necessary arithmetic on an¬ 
other sheet of paper. 
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9. Keep the work neat. 

10. Underline the answer. 

The following examples will illustrate the above rules: 

Example 2-9. If a 40-watt lamp operates from a 110-volt line, what current does 
it draw? 




♦ 


Fig. 2-20. 

Solution: 



12 . 

110 


» 0.363 amp 
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The above example is very simple and requires the use of only one 
formula. When a problem involves the application of more than one 
formula, it is necessary to use step 5. This is illustrated by the following 
problem. 

Example 2-10. If :i flatiron draws five amperes from a 110-volt line, how much 
energy does it consume in eight hours? 


In this problem, current, voltage, and time arc the known values and energy the 
unknown value. 

The energy con.sumed can be found by lOq. (2-15), but this requires knowing 
the value of the power. It i.s therefore iieccs.sary to determine the power first, which 
can be found by use of Eq. (2-12). The solution of the problem will then appear in 
the following Form. 

Given; Find; 

F; = no volts W = ? 

1=5 amp 
T = 8 hr 


Solution: 



P = E X I 
= no X 5 
= 550 watts 
W = P X T 
= 550 X 8 
= 4400 watt-hours 
= 4.4 kwh 


If the cost of operation of any electrical appliance is desired, it is nec¬ 
essary to multiply the eneigy consumed by the rate at which electricity is 
sold. This is expressed mathematically as 


Cost = energy X rate (2-16) 

Example 2-11. If electricity sells for five cents per kilowatt-hour, how much 
docs it cost to operate the flatiron used in Example 2-10? 

The solution of Example 2-10 shows that 4.4 kilowatt-hours is consumed, and the 
following step must be added: 

Cost = X rate 
= 4.4 X 0.05 
= 0.22 
— 22 cents 
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These examples illustrate the general rules to be lollowed in solving 
problems. As there are any number of different kinds of problems, no 
one set of rules can hold for all of them; the above form may be varied 
somewhat, but the general thought always is kept intact. 

Square Root. Solving problems involving Eqs. (2-13) and (2-14) may 
require extracting the square root of a number. For example, if in P]q. 
(2-13) the watts and ohms are known and it is required to determine the 
voltage, then 


E‘^ = P X R and E = VP X R 

The process of deriving the square root can best be explained by work¬ 
ing out an example. 


Example 2-12. If the value of E"^ was found to be 52,805.367, what is the value 
of A’? 


Given; 

E^ = 52 , 805.367 


Filld: 

E = ? 


Solution: 


E = v '' 52 , 805.367 

The following procedure is recommended in working for the square root 
of a number. 

1. Set down the number, and divide the digits on each side of the deci¬ 
mal point into groups of two; start at the decimal point, and work toward 
the left, and then again from the decimal point work toward the right. It 
is possible for the extreme left-hand group to have onl^r one digit. If the 
extreme right-hand group contains only one digit, a zero is added so that 
it will have two digits. 

Vs 28 05.30 70 


2. Find the largest number that when multiplied by itself will go into 
the first group. In this example, the group is 5 and the largest number 
that can be used is 2. Now write the 2 above the 5. Next square the 
root number 2, and place it under the 5; its value is 4. Then subtract 
the 4 from 5, leaving a value of 1. 

2 

V5 28 0^36 70 

4 

I 
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3. Now bring down the next group of numbers alongside the remainder 

and draw a_| to the left of this complete number. Double that part 

of the square root already found, and place it in the_|. 

2 

\/5T8 

4 

iJl 28 

4. The next step is to add a number alongside that part of the square 

root already found and also place this same number alongside the 4 in 
the _|. This number A should be the largest that when multiplied 

go into the remainder 128. This step is done by trial-and- 
error procedure; therefore let us try the number 3. 

2 3 

\/^8 05.36 70 

4 

4311 28 

1 29 

At this point it is necessary to subtract again, but unfortunately 129 is 
just a bit too large. Therefore the number 2 must be used. 

22 

\/b 28 05.36 70 

4 

42|i 28 
44 

5. Bring down the next group (05), and repeat the procedure. Double 
the root already found, and find the largest multiplier that can be used. 

2 2 9 

V5 28 05.36 70 

4 

42[i 28 
84 

449144 05 
40 41 
3 64 
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6. Continue until all places are filled above each group in the original 
number. 

2 2 9. 7 9 
\/5 28 05.36 70 
4 

i2|i 28 
84 

449|44 05 
40 41 

4587 |3 64 36 
3 21 09 

459491 43 27 70 
41 35 41 
1 92 29 


7. Notice that the decimal point in the root is placed directly above the 
decimal point in the original number. If desired, the solution can be 
carried to additional decimal places by adding groups of two zeros to the 
right of the existing digits, then proceeding as before. 


2 2 9. 7 9 4 
Vs 28 05.36 70 00 


Therefore the square root of 52,805.367 when worked to three decimal 
places is 229.794. 

8. Should any of the divisors be too large to go into the remainder, a 
zero is placed in the root above that group and the next pair of numbers is 
brought down. This step is illustrated in the solution of the following 
example. 

Example 2-13. What is the square root of 1620? 

4 1 
\/l6 20. 

16 

^ 0 20 
SI 

Note that 1 is too large; therefore 

4 0. 2 

Vie 20.00 
16 

802| 20 00 
16 04 

396 

The square root of 1620 when worked to one decimal point is 40.2. 
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Example 2-14, What is the voltage of an electrical circuit that takes 50 watts 
and whose resistance is 25C ohms? 


Given: 

P = 50 
P = 250 


Solution: 

Using Eq. (2-13), 


P 

then E^ 

and E 


E* 

R 

PR^ 

Vpr 

VSO X 250 
\/l2.500 
111.8 volts 


Find: 

E = ? 


Example. 2-15. What current is flowing through a 25-ohm resistance if the power 
being consumed is 500 watts? 


Given: 

P = 25 
P = 500 

Solution; 

Using Eq. (2-14), 


then 

and 


P = PR 



= \l^ 

^ 25 


= 

= 4.47 amp 


Find: 

I = ? 
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QUESTIONS 

1. (a) Name the two kinds of elRctricit 3 '. (b) Which is used more widely? 

2. Hdw^ is static electricity produced? 

3. List all the examples of static electricity that you know. 

4. Define the following terms; (a) matter, (f>) element, (c) compound, (d) atom, 
(e) molecule. 

6. Describe the composition of a compound. 

6 . What importance does the electron theory have in the study of (a) electricity? 
(b) Radio aiid television? (c) Electronics? 

7. What are (a) electrons? (6) Protons? (r) Neutral bodies? 

B. Describe an atom of copper in terms of the electron theory. 

9. Describe the theory of electron flow along a conductor. 

10. Name five men who have contributed to the development of the electron 
theory. 

11. Describe how electricity' may be produced by friction. 

12. State the law of charges. 

13. When does a body have (n) a positive charge? (6) A negative charge? 

14. What did Benjamin Franklin contribute to the study of electrical charges? 

15. (a) In what manner may charges be transferred from one body to another? 
(b) Describe each wa 3 ^ 

16. Compare discharging from a pointed body with discharging from a sphere. 

17. (a) What is lightning? (fj) What is its cause? 

IB. Describe the use of the lightning rod. 

19. What is meant by an electrostatic field? 

20. What means is used to represent the electrostatic field? 

21. Illustrate the field about (a) a positive charge, (b) a negative charge, (c) 
adjacent positive and negative charges. 

22. Describe Coulomb’s law. 

23. What is meant by (a) |)otentiaI? (6) Potential diflference? 

24. Describe current flow in relation to potential difference. 

25. Does electron flow affect the weight of a conductor? Explain. 

26. Name and explain the three methods of producing an electric current. 

27. (a) Name and explain the three important effects of electron flow, (b) 
Name five applications for each of these three effects. 

2B. Name and explain the six kinds of electric current. 

29. (a) What are complex currents? (b) Where are complex currents likely to 
be found? 

30. E.xplain where each of the above-mentioned currents may be found in (a) 
electrical apparatus, (b) radio receivers, (c) television receivers, (d) electronic equip¬ 
ment. 

31. What are the three ways of expressing Ohm’s law using the following elec¬ 
trical terms: voltage, current, and resistance? 

32. Why is Ohm’s law essential to the study of electricity, television, radio and 
electronics? 

33. What is the difference between a coulomb and an ampere? 

34. Explain what is meant by the following; (a) potential difference, (b) electro¬ 
motive force, (c) voltage, (d) volt. 

35. (fl) What is meant by electrical resistance? (b) What is its unit of measure? 

36. Express Ohm’s law in three way's, using the practical units of electricity. 
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37. Is there any difTercnce between the electrical units of measure in this country 
and any other country? Explain. 

38. Explain the difference between the following terms: (ti) work, (b) power, 
(c) energy. 

39. What are the basic units of electrical power and electrical energy? 

40. What are the electrical and mechanical equivalents of a horsepower? 

41. What are the three equations that can be used to solve for power? 

42. What do the following prefixes mean: (a) milli-, (6) micro-, (c) kilo-, (d) 
meg-, (e) mega-? 

43. (a) What are symbols? (6) What is their purpose? 

44. Have all electrical or radio symbols been standardized? Explain. 

46. What is the purpose of the subscript method of notation? 

46. Name the 10 steps suggested for the proper solution of problems. 

PROBLEMS 

1 . What is the magnitude and direction of the force between two positive charges 
of 200 and 300 esu, respectively, when placed in air 1.5 cm apart? 

2 . What is the magnitude and direction of the force between a positive and nega¬ 
tive charge, each of 300 esu, when placed in air 2.5 cm apart? 

3. What is the magnitude and direction of the force l)etweeii two negative charges 
of 400 esu each when separated by a piece of fiber 2 cm thick? 

4. If the fiber separator of Prob. 3 is replaced by one of common glass, what force 
would be exerted? 

6. If the fiber separator of Prob. 3 is removed and not replaced by anything other 
than air, what force would be exerted? 

6. What is the hot resistance of the filament of a 1A6 tube if it draws 0.06 amp 
from a 2-volt power supply? 

7. How much current does the heater of a 955 acorn tube draw if it has a resist¬ 
ance of 42 ohms and is connected across a 6.3-volt source of power? 

B. The resistance of the heater of a 6A7 tube is 21 ohms. What voltage is re¬ 
quired to force 0.3 amp, its rated current, through it? 

9. What is the resistance of a circuit drawing 2.5 amp when 120 volts is im¬ 
pressed across its terminals? 

10. The voltage drop across a rheostat is 3.6 volts when 1.8 amp is flowing through 
it. What is the resistance of the rheostat? 

11. If a 2250-uhm resistor causes a voltage drop of 1.5 volts, how much current 
is flowing through the resistor? 

12. How much signal voltage is lost in a 2-megohm grid leak when 0.1 /xa flows 
through it? 

13. What is the resistance of an ammeter whose full-scale reading is 10 amp 
and this maximum allowable current causes a voltage drop of 50 mv? 

14. What is the rated maximum voltage of a voltmeter having a resistance of 
150,000 ohms if the maximum rated current is 1 ma? 

16. When an 8000-ohm resistance is connected in the plate circuit of a 6A4 tube, 
the plate current flow is 22 ma. What is the voltage drop across the 8000-ohm re¬ 
sistance? 

16. electric lamp whose hot resistance is 240 ohms is to be used on a 120-volt 
'ircuit. How much current does it draw? 

17. Which resistance is greater, one that requires 250 volts to force a current of 
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2.5 ma through it or one that requires 2.5 volts to force a currert of 0.25 amp through 
it? 

IB. Through which resistor does the greater current flow, a 2-niegnhni resistor 
having a 250-inv drop or a 20-nhm resistor having a 25-volt droj)? 

19. Which resistance causes the greater voltage drop, a 250,000-ohm resistor 
having a current flow of 25 ma or a 250-ohm resistor having a current flow of 2.5 
amp? 

20. What is the rate of power loss in a 75-ohm resistor when 150 ma flows through 
it? 

21. What is the power rating of an electric lamp operating from a 110-volt supply 
and drawing 0.909 amp? 

22. If the total resistance of a radio set is 240 ohms and it operates from a 120- 
volt line, what is its rated power? 

23. If the input of a d-c motor is 5 hp, how much current does it draw when op¬ 
erated from a 110-volt line? 

24. If the input of a d-c motor is 5 hp, how much current does it draw when op¬ 
erated from a 220-volt line? 

26. Which motor has the greater resistance, a 10-hp motor operated from a 220- 
volt line or a 2-hp motor operated from a llO-volt line? 

26. How much does it cost to operate a flatiron that draws 10 amp from a 110- 
volt line if the iron is used 4 hr per day for 10 days and electricity sells for 4 cents 
per kilowatt-hour? 

27. How much energy does a 7J-hp (input) motor consume in 1 month of 30 days 
if it is operated 2 hr each day? 

2B. What is the resistance of the output circuit of a 6A3 tube if it delivers 15 
watts and has a current flow of 40 ma? 

29. If a radio set draws 0.85 amp from a 110-volt line, what is the cost of opera¬ 
tion for 1 month of 30 days if it is used 3 hr each daj^ and electricity costs 3 cents per 
kilowatt-hour? 

30. A 600-watt toaster is used every day for a half hour. What does it cost to 
operate this toaster for one month of 30 days if electricity costs 3 cents per kilowatt- 
hour? 

31. How much energy is used by an electric clock that runs every day for a month 
of 30 days if it operates from a 115-volt line and has a resistance of 4000 ohms? 

32. Which costs more to operate, a 5-hp (input) motor used 1 hr every other day 
for 1 month (30 days) or a 500-watt lamp used 4 hr each day for 1 month (30 days)? 

33. The power output of a tube is 6.5 watts, and the current flow is 20 ma. What 
is the voltage developed across the circuit? 

34. If the rated output power of a 6L6 tube is 6.5 watts and the load resistance 
is 2500 ohms, what voltage is developed across the output circuit? 

36. A 16,000-ohm resistor has a power rating of 10 watts. What is the voltage 
across its terminals when it is delivering its rated power? 

36. What current flows through the heater of a 25Z5 tube which has a resistance 
of 83.3 ohms and consumes 7.5 watts of power? 

37. What is the current rating of a 10-watt 500-ohm resistor? 

38. What current must be flowing in a 7500-ohm resistor if the power consumed is 
25 watts? 

39. What is the distance between two positive charges each of 250 esu if the 
repelling force is 750 dynes? The charges are separated only by the surrounding air. 

40. What thickness of fiber separator would cause the force between the two 
charges of Prob. 39 to be 500 dynes? 
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41 . (a) What is the resistance of the heater circuit of a 5TP4 projection-type 
cathode-ray tube if its rated voltage is 6.3 volts and its rated current is 0.6 amp? 
(6) What is the power rating of the heater circuit of this tube? 

42 . (a) What is the resistance of the heater circuit of a 12AP4 direct-view-type 
cathode-ray tube if its rated voltage is 2.5 volts and its rated current is 2.1 amp? 
(6j What is the power rating of the heater circuit of this tube? 

43 . A six-tube a-m superheterodyne radio receiver has a power rating of 40 watts. 
What is the cost of operation for 30 days if the receiver is used on an average of 10 
hr per day and the cost of electricity is 3 cents per kilowatt-hour? 

44 . A 12-tube a-m and f-m radio receiver has a power rating of 85 watts. What 
is the cost of operation for 30 days if the receiver is used on an average of 10 hr per 
day and the cost of electricity is 3 cents per kilowatt-hour? 

46 . A 32-tube 75 srp-in. television receiver that also provides f-m radio reception 
has a j)ower rating of 150 watts as an f-m radio receiver and 4tK) watts as a television 
receiver, (a) What is the cost of operation as an f-in receiver for 30 days at 10 hr 
per day if the cost of electricity is 3 cents per kilowatt-hour? ((;) What is the cost 
of operation as a television receiver for 30 days at 10 hr per day if the cost of electricity 
is 3 cents jjer kilowatt-hour? 

46 . A combination television receiver with a 20-in. catliode-ray tube 'which also 
piovides a-in/f-m radio recej)tion and phonograph has the following power ratings; 
a-m radio IGO watts, f-m radio 223 watts, phonograph J52 watts, and television 543 
waits, (a) What is the current rating for each type of operation if the rated voltage 
is no volts? (f;) What is the cost of oijcration for each type of service f[)r 30 days at 
8 hr ])er ilay if Ihe cost of electricity is 4 cents ])er kilowatt-hour? 

47 . A projection-type television receiver has a power supply that delivers 300 

ina at 325 volts (d-c) and 80 mu at 20,000 volts (d-c). (a) What is the power rating 

of the low-vollage supply ? (b) What is the power rating of the high-voltage supply? 

(c) What is the aj)pareiU resistance of the low-voltage l[)ail? (d) What is the ap¬ 
parent resistance of the high-voltage load? 



CHAPTER III 


BATTERIES 

The battery has played a very important part in the development of 
radio and is still used to operate some radio equipment. The radio re- 
eeivers of the early broadcast era were operated from batteries, and except 
for the need to replace or recharj 2 ;e run-down batteries, often at inopportune 
times, Ave miftht still be using battery-operated receivers in our homes. 
Many of the disturbing noises that appear in poAver-operated receivers 
are not present in battery-operated sets. Radios used in automobiles are 
essentially battery-operated receivers, and the portable radio receivers and 
transmitters, including the Avalkie-talkies used by the armed forces (see 
Fig. 1-10), also depend upon the battery as a source of energy. 

It is estimated that there are more than five million homes in rural and 
isolated areas Avhere ordinary electric poAver is not yet available, and to 
meet this situation most radio manufacturers still make battery-operated 
receivers for use in these homes. Although powder may be available from 
farm-lighUng sets, it is not steady enough for operating radios, and battery- 
operated receivers are necessary. 

3-1. The Cell. A cell is a device that transforms chemical energy into 
electrical energy. A battery consists of a number of cells assembled in a 
common container and connected to each other. 

The fact that chemical action could produce electric current was acci¬ 
dentally discovered in 178f) by Luigi Galvani, but it remained for Alessandro 
Volta to understand this chemical action, and in 1800 he constructed the 
first cell. This simplest form of cell, known as cither the galvanic or voltaic 
cell, is shoAvn in Fig. 3-2 and consists of a piece of copper, Cu, and a piece 
of zinc, Zn, placed in a jar of Avater to which a little sulphuric acid has been 
added. 

Using various metals and methods of construction, a large variety of 
cells has been made since Volta constructed the first cell. Among them 
are the galvanic, voltaic, Daniell, Leclanch6, Edison-Lelande, Weston, 
Plants, Faure, gravity, dry, lead-acid, and nickel-iron-alkali types. As 
most of these either have become obsolete or are rarely used, further dis¬ 
cussion will be limited to the commonly used types, namely, the dry cell 
and the lead-acid storage cell. 
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3-2. Battery Terms. Explanations of the terms used in the further 
description of batteries is given at this point in order that the student may 
better understand the description as it progresses. 

The cdl has already been defined as a device that transforms chemical 
energy into electrical energy. It may be further described as being the 
fundamental unit of the battery. It consists of two strips, or electrodes,. 
placed in a container that also holds the electrolyte which may be in the 
form of either a liquid or a paste. 



Fig. 3-1.—ButtBry-operatpci portable receiver. {Allied Radio Corporation, Chicago.) 


The battery consists of two or more cells usually placed in a common 
box or container. The cells are connected to each other in series, in parallel, 
or in some combination of series and parallel, depending upon the amount 
of voltage and current recpiired of the battery. For example, a 45-volt 
B battery used for radio work may consist of 30 cells of volts each con¬ 
nected in series, and the six-volt battery used in the motorcars of today 
consists of three cells of two volts each, connected in series. 

The electrodes are the conductors by which the current leaves or returns 
to the electrolyte. In the simple cell, they are the copper and zinc strips 
that were placed in the electrol 3 rte, while in the dry cell they are the carbon 
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rod in the center and the zinc container or shell in which the cell is as¬ 
sembled. 

The electrolyte is the solution that acts upon the electrodes which are 
placed in it. The electrolyte may be a salt, an acid, or an alkaline solu¬ 
tion. In the simple galvanic cell and in the automobile storage battery, 
the electrolyte is in a liquid forrn, while in the dry cell it is a paste. 

A primary cell is one in which the chemical action eats away one of the 
electrodes, usually the negative, and when this happens it has to be re¬ 
placed or the cell must be thrown away. In the galvanic type, the zinc 
electrode and the liquid solution are usually replaced when this happens; 
in the case of the dry cell it is usually cheaper to buy a new cell. 


+ 



A secondary cell is one in which the electrodes and the electrolyte are 
altered by the chemical action that takes place when the cell delivers 
current but may be restored to their original condition by sending an 
electric current through them in the opposite direction. The motorcar 
storage battery is the common example of the secondary cell; charging of 
the storage battery after it is run down represents restoring the cell to its 
original state. 

3-3. Action of the Voltaic Cell. Factors Affecting Cell Construction. If 
two electrodes of copper arc placed in a weak sulphuric acid solution, no 
electrical energy will result, but if one electrode of copper and one of zinc 
are placed in the solution, the chemical action will cause electrical energy 
to be available at the open ends of the electrodes. By changing the kind 
of material, size, and spacing of the electrodes used or by changing the kind 
of solution used as the electrolyte, the following facts about cells have been 
established: 
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1. The two electrodes must be of different materials. 

2. The electrodes must be conductors of electricity. 

3. The electrolyte must contain an acid, alkali, or salt so that it will 
conduct the current. 

4. The voltage of the cell will vary with the materials used as electrodes 
and the electrolyte but will not exceed approximately two volts. 

5. The voltage of the cell is not affected by the size or spacing of its 
electrodes. 

(). The current capacity of a cell may be raised by increasing the sur¬ 
face area of that part of its electrodes actually making contact with the 
electrolyte. 

Chemical Action of a Simple (Udl. As a great number of combinations 
of materials can be usetl to make a cell and as tin; actions follow a similar 

pattern in each (;ase, only one will be desc.ribed 
here. If a cell as shown in Fig. 3-5 is made by 
placing a strip of zinc and one of carbon into a 
jar containing a pint of water to which three 
ounces of ammonium chloride (sal ammoniac) 
has been added, (jertain chemical actions will re¬ 
sult. When the ammonium chloride, which has 
the symbols NII4CI, is placed in the water, 
many of its molecules become separated into 
their atoms NIT^ (ammonia) and Cl (chlorine). 
Another action that takes place during the pro¬ 
cess of separating the molecules into their atoms 
is the unbalancing of the number of electrons 
and protons in each atom. When the atom is 
unbalanced, the number of electrons and pro¬ 
tons no longer equal one another and it is then 
called an ion. If the protons are greater in 
number, it is a positive ( + ) ion (or a positively 
charged atom); if the electrons are greater in number, it is a negative ( —) 
ion (or a negatively chargeil atom). This action is referred to as the ioni¬ 
zation of the electrolyte. 

Polarity of the Eketrodes. In this cell, the ammonia takes on the posi¬ 
tive charge and is now referred to as NH 4 '*", while the chlorine be[!omes the 
negative ion Cl“. The zinc electrode gives off positive ions Zn"*"^ to the 
electrolyte, and as a result the zinc strip has an excess of electrons and is, 
therefore, said to be ncyatmdy charged. The zinc thus becomes the nega¬ 
tive terminal of the cell. The positive ions given off by the zinc, Zn"*"*", 
repel the positive ions of the solution NHi"'" and push them toward the 
carbon electrode. Upon reaching the carbon, the positive ions attract 



Fit;. 3-3.—Simple nell tlt*- 
liveriiiK elentiii'al eiini’Ky to 
a laiii|). 




Art. 3-3] 


BATTERIES 


91 


some negative ions from it. The carbon then has an excess of protons and 
is, therefore, said to be positively charged and becomes the positive terminal 
of the cell. This excess of electrons at the zinc electrode and the positive 
charge at the carbon electrode are responsible for the voltage or emf avail¬ 
able at the terminals of the cell. When the emf is established, the chemical 
action ceases until such time as a path for the electrons is provided by con¬ 
necting some device to the terminals of the cell. 

Current Flow. The ability of the cell to deliver electrical energy may 
also be demonstrated by connecting a low-voltage flashlight bulb to its 
terminals. The bulb will light, thus indicating that current is flowing. 
The electron theory explained in Chap.' II presented the idea that circula¬ 
tion of electrons around a closed circuit constitutes a flow of current. The 
excess electrons on the zinc strip repel one another and push each other 
around the external circuit Avhere they 
are attracted by the positive carbon 
electrode. Chemical action in the cell 
maintains a constant flow of electrons 
as long as there is an external circuit. 

Erosion of the Negative Electrode. 

While this chemical action is going on 
in the cell, the zinc ions unite with the 
chlorine ions to form zinc chloride, 

ZnCb, which remains in the solution. 

The fact that some of the zinc is con¬ 
tinually being given off to the solution 
indicates that this electrode is being 
reduced or eaten away, and it is, there¬ 
fore, a primary cell. 

Electron Flow vs. CAirreni Flow. This 
study of the action of a cell indicates 
that the electrons flow from the zinc 

electrode through the external path and return to the cell at the carbon 
electrode. In Chap. II, the flow of electrons has been described as the 



Ym. 

flow. 


.3-4.—KlRctron flow 


rurrent 


electric current; hence from these two facts we may conclude that the 
electrons, and therefore the current, flow from the zinc or negative to the 
carbon or positive. This description of current flow comes from the elec¬ 
tron theory, which is substantiated by scientific research. In the days 
before the scientists developed and introduced the electron theory, the 
early experimenters chose the direction of current flow as being from 
positive to negative, which is opposite to the direction of flow of elec¬ 
trons. This has caused and will continue for some time to cause confu¬ 
sion. As this text concerns the study of electricity for radio, television, 
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and electronics (which are relatively new fields), all study and references 
will be based on the electron flow, namely, from negative to positive. 

3-4. Polarization and Local Action. While some of the chemical actions 
in the cell transform chemical energy to electrical energy, other actions 
prove a detriment to the operation of the cell. Two such undesirable 
actions are polarization and local action. 

Polarization. In the operation of the cell, positive hydrogen ions H"*" 
are obtained from the water in the electrolyte, and when they eome in 
contact with the carbon strip these positive ions take on electrons from the 
carbon and form neutral hydrogen bubbles along the carbon strip. In a 


+ 



similar manner, the positive ammonia ions also take on electrons from the 
carbon, become neutral ammonia atoms, and appear in the form of bubbles 
at the carbon electrode. The effect of the neutral ammonia and hydrogen 
bubbles at the carbon electrode is to reduce the active area of that electrode 
and hence lower the current capacity of the cell. A further effect of these 
bubbles is to set up a voltage Avhich opposes the normal voltage of the cell 
and thereby reduces its effective voltage. This effect, called polariza¬ 
tion, may be counteracted in several ways. A logical method is to intro¬ 
duce some substance that will readily combine with hydrogen and remove 
it, or better, prevent it from attaching to the carbon strip. A substance 
that has a large amount of oxygen which might unite with the hydrogen 
to form water would be highl}^ desirable. It has been found that manga¬ 
nese dioxide, Mn02, may be used Avith reasonable success. 

Local Action. If a cell is to be efficient, the chemical action that eats 
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away the zinc electrode should take place only when the cell is delivering 
electrical energy. As commercial zinc contains some impurities such as 
carbon or iron, many small cells are formed on the electrode itself. The 
effect of these small cells is to eat away the zinc whether the cell is deliver¬ 
ing electrical energy or not, and this effect is called local action. Using 
pure zinc would remedy this condition, but it has been found to be far too 
expensive. The commercial practice is to apply mercury to the surface 
of the zinc so that the impurities become covered with mercury. This 
process is called amalgamation. As the zinc is eaten away, the mercury 
works its way on to combine with the remaining zinc. 

3-6. The Dry Cell. The dry cell is so called because its electrolyte is 
not in a liquid state. Actually the electrolyte is a moist paste, and if it 
should lose its moisture and really become dry it would no longer be able 
to transform chemical energy to electrical energy. The name dry cell is, 
therefore, not strictly correct in a technical sense. 

Construction of the Dry Cell. The construction of a common type of 
dry cell is shown in Fig. 3-0. The cell is built up in a cylindrical zinc con¬ 
tainer which also serves as its negative electrode. This zinc container is 
lined with a nonconducting material, such as blotting paper, to insulate 
the zinc from the paste. A carbon electrode is set up in the center, and it 
serves as the positive terminal of the cell. The paste is a mixture of several 
substances, and its composition may be different for the various battery 
manufacturers. In general, the paste will contain some combination of 
the following substances: ammonium chloride (sal ammoniac), powdered 
coke, ground carbon, manganese dioxide, zinc chloride, graphite, water. 
This paste, which is packed in the space between the carbon and the blot¬ 
ting paper, also serves to hold the carbon rigid in the center of the cell. 
When packing the paste in the cell, a small expansion space is left at the 
top and it is then sealed with layers of corrugated cardboard and a tar 
compound, respectively. Binding posts are attached to the electrodes so 
that wires may be conveniently connected to the cell. As the zinc con¬ 
tainer is one of the electrodes and should be protected with some insulating 
material, it is common practice for the manufacturers to set the cells in 
cardboard containers. 

A ction of the Dry Cell. This dry cell is fundamentally the same as the 
simple cell described in Art. 3-1, and its action, therefore, will be the same. 
The action of the water and the ammonium chloride in the paste, together 
with the zinc and carbon electrodes, produces the electric current. The 
manganese dioxide is added to reduce the polarization due to hydrogen 
and the zinc chloride to reduce the polarization due to the ammonia. The 
blotting paper serves two purposes, one being to keep the paste from mak¬ 
ing actual contact with zinc and the other being to permit the electrolyte 
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to filter through to the zinc slowly. The cell is scaled at the top to keep 
the air from entering and drying up the electrolyte. Care should be exer¬ 
cised in handling to prevent breaking this seal. 

3-6, Sizes and Proper Use of Dry Cells. The annual production of 
dry cells extends into the hundred millions, and despite the low replacement 
cost it is deemed advisable to give them proper care so that their maximum 
life may be obtained. 



BLUE LACQUERED 
STEEL COVER 


ASPHALT SATURATED 
PAPER GASJin 


ASPHALT SATURATED 
INSULATING WASHER 


CARBON ELECTRODE 

PASTE COAnD 
PULPBOARD SEPARATOR 

CHIPBOARD JACKET 


1 



Fit;. H-fi.— nii).s.s-SL‘rtioiuil view of tlip iceiipral-puriio.sp dry fpll, {National Carbon Com- 
imiiy.) 


Rating of the Standard-sized Cetl. One of the most popular sizes for 
gentnal use is the standard, or No. 0, dry cell; it is approximately inches 
in diameter and (j inches high. The voltage is about \ \ volts when new 
and will decrease with the age of the cell. Whem the voltage on open 
circuit falls below 0.75 to 1.2 volts (depending upon the circuit design), 
the cell is usually discarded. The amount of current that the cell can 
deliver and yet give satisfactory service depends upon the length of time 
that the current is flowing. If a. cell is to be used in a portable radio, it is 
likely that it may be expected to supply current constantly for several 
hours at a time and under these conditions the current should not exceed 
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one-eighth ampere. If a cell is required to supply current only occasionally 
and then for only short periods of time, it would bo possible to supply cur¬ 
rents of several amperes. The shorter the duration of current flow and 
the greater the interval of time between demands for current, the higher 
the amount of current available, that is, up to the amount that the cell 
will deliver on short circuit. This short-circuit current incidentally is 
another means of testing the condition of a dry cell. A new cell, Avhen 
short-circuited through an ammeter, should shoAV a reading of not less than 
25 amperes, and a cell that has been in 
service should show a I’eading of at least 10 
amperes if it is to render satisfactory ser¬ 
vice. When testing for the short-circuit 
current, never leave the meter connected 
to the cell longer than is absolutely neces¬ 
sary. When fairly large? currents are taken 
from a dry cell, the polarization effect will 
rapidly exhaust the cell; however, if the 
(;ell is then left idle for a while, the de¬ 
polarizer’s action will restore the cell to 
practically normal. With constant use, the 
battery will run down because the zinc has 
been used up or the electrolyte consumed, 
or both. It is sometimes possible to revive 
a dead cell by pun(;turing the zinc container 
and then injecting some fresh solution or by 
setting the cell in a salt-water solution for Fin. 3-7.— CrDSH-sectiDnal view of a 

, , . - - . - - size D unit cell. {National Carbon 

several hours. After this procedure, the Company.) 
puncture holes should be scaled. As the 

cost of new cells is so low, revival of dead cells is suggested only as a last 
resort in an emergency. 

Rating of the Unit-size Cell. Another popular size of dry cell is the 
size D (If by 2f in.), or unit cell, that is used in standard sized flashlights, 
in radio-testing instruments, and in the construction of radio B and C 
batteries. In Art. 3-3 it was stated that only the kinds of materials used 
for electrodes and electrolyte, and not their size, affected the voltage of a 
cell; therefore, as this smaller cell is made of the same kinds of materials, 
it too will have an emf of 1.5 volts when new. The short-circuit current 
test of a new cell should read five or six amperes. Recently, a new high- 
current cell has been introduced, mainly for intermittent use as with photo¬ 
flash bulbs. This new cell has a short-circuit rating of 10 to 12 amperes 
but is admittedly of shorter life. The corrosion and swelling of old cells 
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sometimes ruins the cell holders of flashlights, instruments, etc.; to prevent 
this corrosion and swelling, some manufacturers place a steel jacket around 
the zinc container. 

Shelf Ldfe. A cell that is not put into use will gradually deteriorate 
because of unavoidable slow chemical reactions and changes in moisture 
content which take place in the cell. This deterioration is usually very 
slow. High-grade cells of the larger sizes, such as the standard, or No. (3, 
cell, should have a shelf life of a year or more. Smaller sized cells have a 
proportionately shorter shelf life, the very small sizes being good for only 
a few months. If unused cells are stored in a cool place, the shelf life will 
be greatly increased. 

3-7. Combination of Cells. Need for Extra Cells. A standard, or 
No. 6, dry cell has an emf of 1.5 volts and can deliver about \ ampere con¬ 
tinuously. Sut;h a cell can therfore supply electrical energy to a circuit 





Tif^. 3-8.—Dry cdILs nonnertcul in spries: (a) piuiorial represpntatii)ii, dinjutramniati[j rppre- 
Mpntakinri. 


requiring 1.5 volts and not more than | ampere. Many occasions arise 
where higher voltage or higher current or both are required. To meet 
these needs and maintain satisfactory service, a number of cells are joined 
into a series-connected group, a parallel-connected group, or a series- 
parallel-connected group, depending upon the voltage and current require¬ 
ments. 

Cells Connected in Series. Wlieiiever the voltage required exceeds 1.5 
volts, it becomes necessary to use more than one cell and the cells must be 
connected in series. The cells are connected in series as shown in Fig. 3-8a 
by connecting the zinc or negative of the first cell to the carbon or positive 
of the second cell, the zinc of the second to the carbon of the third, etc., 
the zinc of each cell being connected to the carbon of the next. It will be 
noticed that the carbon of the first and the zinc of the last cell are free 
and they become the terminals of the battery. Figure 3-85 shows the 
same connection in the schematic diagram form, a long, thin line being 
used to represent the + terminal and a shorter, heavier line for the — termi¬ 
nal. If the battery consists of only a few cells, the number of pairs of long 
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and short lines is made to equal the number of cells. In a series circuit, 
the battery voltage will equal the sum of the separate cell voltages. 

Eb = Ec\ Ec 2 + ^t73, etc. (3-1) 

If each cell has the same voltage, then 

Eb = number of cells X volts per cell (3-2) 

also Number of cells required = (3-3) 

volts per cell 


In the series arrangement of cells, the current rating of the battery will 
be the same as that of an individual cell; hence this arrangement can be 
used only where the continuous current requirement is one-eighth ampere 
or less. 



(a) (b) 


Fid. 3-9.—Dry cella connected in parallel: (rx) pictorial representation, (b) diagrammatic 
representation. 


Cells Connected in ParalleL Whenever a continuous current greater 
than one-eighth ampere is required, it becomes necessary to use more than 
one cell and the cells must be connected in parallel. The parallel arrange¬ 
ment of cells is shown in a and h of Fig. 3-9. Notice that now all the zincs 
( —) are connected together and a terminal is brought off one end and that 
all the carbons ( + ) are connected together and a terminal is brought off 
one end. In the parallel circuit, the current rating of the battery is equal 
to the sum of the currents of the separate cells. 

Ib = Ic2 “h /f73, etc. (3-4) 

If each cell has the same current rating, then 

Ib = number of cells X current" per cell (3-5) 


Number of cells required = 


current of battery 
current per cell 


In the parallel arrangement of cells, the voltage of the battery will be 
the same as that of a single cell; hence this arrangement can be used only 
where the voltage requirement is 1.5 volts. 
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Ctlls Connected in Scrwa Parallel. Wlien both the voltage and current 
required exceed the rated voltage anrl current of a single cell, it becomes 
necessary to use four or more cells connected in a series-parallel combina¬ 
tion. To get the higher voltage, a number of cells must be connected in 
series, and to get the higher current rating, a number of series-connected 
groups must be connected in parallel. 

Number of cells in each series-connected group = 

voltage of battery 
volts per cell 


Number of parallel groujis 


current of battery 
current per (‘ell 


(3-8) 


Number of cells required — numl)(a' of cells in a series group 

• X number of parallel groups (3-9) 


For example, if a current of ^ ampere at an emf of volts is required, 
then the number of cells in each series-connect eil group will be divided 
by 1^, or 3, and the numl)er of parallel groups will be \ divided by or 4. 




Tile total number of cells required will be 3 times 4, or 12 cells. The 
connections for this requirement will be four groups in parallel, each group 
consisting of three cells connected in series. This arrangement of the cells 
is shouTi in Fig. 3-10. 

3-B. Radio Batteries. At one time, radio sets required three separate 
batteries designated as A, 13, and C batteries, each with a different voltage 
and current requirement. Each of these types had a specific use, and while 
not used so widely today as in the past, there are many of these types still 
in use. 

A Batteries. The A battery has the lowest voltage of the three and 
also the highest current requirement. The voltage required varies from 
to five volts depending upon the type of tubes used. For the five-volt 



Art. 3-8] 


BATTERIES 


99 


service, the storage battery (see Art. 3-12) is commonly used, while for 
lower voltages, dry-cell batteries are used. The dry cells do not have a 
long life for this service, and they also have a consirlerablc drop in voltage 
as the cells become exhausted. These Iam) features make the use of dry 
cells rather unpopular. A battery called the air-cdl A battery (see Art. 
3-9) has been developed, which oilers the atlvaiitage of steady voltage 
and greatly incrtvised life. 



Ijh 1 Api)]iuitjijns nf primary {Natioiial Vaihon Cnmvany.) 


B Baiterivs. The B battery has the highest voltage of the three but is 
required to supply only small amounts ol current, llie amount of cur¬ 
rent required varies wiih the number and type of tubes used in the radio 
set and usually is under 50 milliamperes. B batteries are made in two 
voltage ratings, namely, 22] and 45 volts. The 22J-volt battery consists 
of 15 cells connected in series. The 45-volt battery has 30 cells connected 
in series and is usually provided with an extra terminal that is tapped off 
at 22i volts. 



100 


ESSENTIALS OF ELECTRICITY 


[Art. 3-8 


The original type of 45-volt B battery ronsists of 30 (size D) unit cells 
assembled in a rectangular container. The cells are connected in series 
by means of soldered wire connectors. A disadvantage of this type of 
battery is that it has a great deal of inactive space, resulting in a large 
battery. The construction of this type of battery is shown in Fig. 3-12. 



Fill 3-12 — AnaiiKeniEMit uf i-ells in rv liiidiiral-rpll B {National Carbon Compatty ) 


The objections raised to the unproductive space in the round-cell type 
battery led to the development of a new type of construction used in the 
Layer-Bilt B battery. In this type of battery, the cells are made in thin 
squares, and 15 such cells are stacked one upon the other as shown in 
Fig. 3-136. The 45-volt battery contains two stacks connected in series. 
Figure 3-13a is a cross section of a cell showing the arrangement of the 
material entering into its construction and indicating the efficient use of 
the space. The advantages of this type of battery are reduction in size, 
more efficient use of the materials of which it is made, longer life, and 
elimination of soldered connections between cells. 

The introduction of the portable radio further emphasized the need 
of a smaller battery, more compact and lighter in weight. The Mini- 
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Max battery was developed to answer this need. This battery uses the 
principle of the Layer-Bilt type, but by reducing the thickness of the 
carbon electrode and increasing the relative quantity and the effective 
area of the mix materials a smaller, more efficient battery has been ob- 



(a) 

1 ir, 3-lS—Coristruf ti(in of Las nr-BiIt hattcr> 
of 15 [plls {Matioria! Caihon Covipany) 



(!-) 

(a) rruss-seLtioniil view of a Lell, (!>) htaLk 



1 i(j 3-14—A miniature B battery (a) arranKoment of the parts of a eell, (f?) ^0 rells assem¬ 
bled 111 two stalks of 15 eaih, (c) the [ompleted battery {NaHonal Caihon Company) 


tained. Figure 3-14a shows the arrangement of the various parts of the 
cell, and Fig 3-\4b shows two stacks of 15 cells each, as they are arranged 
in a 45-volt battery. 

When highei voltages such as 90, 135, or 180 volts are required, they 
are obtained by connecting two, three, or four 45-volt batteries in series. 

C Batteries. The C battery is a medium-voltage unit and is required 
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to supply only very small currents, usually so small that the battery has 
exceptionally long life. C batteries are available in 4^-, 9-, ami 22^-volt 
units. A popular unit has a maximum voltage of 22J volts and is provided 
with extra taps for 4^, 9, and 13| volts. 

3-9. Air Cell A Battery. The air-eell battery provides a very good 
source of electrical energy for battery-operated radio receivers and trans¬ 
mitters. 

This battery differs from the regular dry cell in that it uses a liquid. 
The battery is shipped dry and may be stored that way for years. When 
it is to be put into service, the user merely removes a thin rubber covering 
at the water-tiller opening and a thin cellophane covering over the special 
breather electrodes and tills the water compartments with any water suit¬ 
able for drinking purposes. 



Til. 3-ir)— view of an nir-rell ballen {^aiinrml Vaihnn Company) 

The carbon electrode is made porous so that it can absorb oxygen from 
the air, and it is therefore referred to as the lung or hrvathcr. This lung 
action supplies the oxygen needed for depolarizing, and as the oxygen is 
obtained from the air it eliminates the necessity of providing a chemical 
depolarizing material. The electrolyte is formed when water is added to 
the cell. The material used for the electrolyte is a solid cake of caustic 
soda which dissolves very easily when the water is added, thereby forming 
the electrolyte. 

The advantages of the air-cell battery are that it provides a relatively 
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constant voltage, has a longer life, and is lower in cost over long periods 
of time. It can bo used only where the current drain does not exceed 
0.65 ampere. This type of battery is available only in single-cell and two¬ 
cell units and is very satisfactory for A battery purposes. 

3-10. Secondary Cells and Storage Batteries. Secondary cells operate 
on the same principles as primary cells but differ in the method in which 
they may be renewed. Some of the materials of a primary cell are used up 
in the process of changing chemical energy to electrical energy, and they 
must be replaced to renew the cell. In the secondary cell, the materials 
are merely transferred from one electrode to the other, and they may be 
restored to their original status by sending an fdectric current from some 
other source through the cell in the opposite direction. 

The storage battery consists of a number of secondary cells connected 
in series, the mo.st common battery having three cells. Properly speaking, 
this battery does not store electrical energy, but it does store chemical 
energy which it can transform to electrical energy. There are two types 
of storage cells, the lead-acid type, which has an emf of 2.2 volts per cell, 
and the nickel-iron-alkali type, which has an emf of 1.2 volts per cell. Of 
these two types, the lead-acid is the more popular and will be described 
here. 

3-11. Action of the Lead-acid Cell. Simple Cell and lU Action. A 
.simple secondary cell may he constructed by placing two strips of lead 
that have been thoroughly cleaned into a jar containing a weak solution of 
sulphuric acid. If a voltmeter or a loAv-voltage flashlight bulb is connected 
across the two lead strips, it is shown that no electrical energy is available 
because two electrodes of similar material are present. If the.se two elec¬ 
trodes are connected to a source of electricity, .such as two dry cells con¬ 
nected in series, bubbles will appear at each plate; a greater number of 
bubbles will appear at the plate connected to the negative terminal of the 
dry cell. This indicates that a current is passing through the electrolyte 
from one plate to the other, and if this current is kept flowing for some time, 
the positive plate will take on a dark brown color because the action of the 
current has changed this electrode into lead pero.xide. The negative elec¬ 
trode will show no such marked change, but upon careful inspection it may 
be seen that it is changing from solid lead to a spongy lead. 

Discharge of a Simple Cell. If the dry cells are disconnected and the 
secondary cell is again tested by the voltmeter or by the flashlight bulb, 
it will be seen that electrical energy is now available from the cell and that 
its emf is approximately two volts. If the bulb is left connected to the cell, 
the light will gradually get dimmer and eventually go out. When this 
happens, it will be noticed that the positive electrode has lost most of its 
dark color and will more nearly resemble its original state. The lead 
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peroxide of the positive electrode has changed to lead sulphate, and the 
spongy lead of the negative electrode also becomes lead sulphate. As 
both electrodes are now similar, no electrical energy will be available. 



Fio. 3-lG.—A simple cell of similar plates. The lamp and volLmeter .shj)w that no eleetrieal 
enerKy is available. 



Fid. 3-17.—Forming the plates of a simple cell by passing a current through the cell. 


Recharge of a Simple Cell. If the dry cells are again connected to this 
cell, the positive electrode will take on a brown color because of the lead 
peroxide forming there and the negative electrode will become spongy and 
porous. From the foregoing actions, it should be evident that the sec¬ 
ondary cell stores up chemical energy and that the process is reversible. 
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Chemical Action. During the first process, when the dry cells are con¬ 
nected to the two lead strips in the dilute sulphuric acid solution, the 
following actions take place. The sulphuric acid, H2SO4, separates into 
positive hydrogen ions. Ho (+), and negative sulphate ions, SO 4 ( —). The 
positive hydrogen ions are attracted to the negative lead strip, where they 
form bubbles that pass off into the air, and during this action the lead strip 
changes to spongy lead. The negative sulphate ions are attracted to the 
positive strip and there react with the water, lis (+) ions and O ( —) ions, 
to form sulphuric acid and lead peroxide, Pb 02 . This process is known 
as forming the 'plates. 



Fio. 3-1lS. —A simple cell dBlivcriiig electrical eiiorgy to a lamp. 


After the plates are formed, the electrodes are of chemically dissimilar 
materials and the cell functions as a primary cell. As such, it can transform 
its chemical energy into electrical energy. If a low-voltage light or bell 
is connected to it, a current will flow and the cell will discharge. During 
the discharge, the sulphuric acid is broken into hydrogen ions, H (+), and 
sulphate ions, SO 4 ( —). Any sulphate ions, S() 4 , near the spongy lead, 
Pb, strip will combine with lead and form lead sulphate, PbS 04 , at this 
electrode. The sulphate ions, SO4, near the lead peroxide, PbOz, strip will 
combine with lead, Pb, to form lead sulphate, PbS 04 , at this electrode. 
All the hydrogen ions, H, are attracted to the lead peroxide, Pb02, elec¬ 
trode and unite there with the oxygen, O, to form H 2 O, or water. Electrons 
are given to the lead strip by the SO4 ( —) ions making it the negative elec¬ 
trode, while the H (+) ions take electrons from the lead peroxide strip 
making it the positive electrode; this accounts for the emf (ordifference of 
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potential) of the cell. When all the lead peroxide is changed to lead sul¬ 
phate and all the spongy lead is changed to lead sulphate, the two electrodes 
are again chemically similar materials and the cell is no longer capable of 
delivering electrical energy. It is said to bo dischargai. Note, too, that 
sulphuric acid has been changed to water, for this becomes a means of 
determining the charge of a battery as will be explained later. 

It has been previously stated that in a secondary cell the process could 
be reversed, or it ma}^ be said that electrical energy can be transformed into 
chemic.al energy. It has been shown that to reverse the process a current 
must be sent through the cell in the direction opptrsite to that during dis¬ 
charge. The current flowing through the elecLrolytt^ divides the water, 
H 2 O, into hydrogen, H, ions and oxygen, O, ions, l^he hydrogen ions, H, 
near the negative strip, rbS() 4 , combine with the sulphate ions, SOi, and 
produce sulphuric acid, H 2 S() 4 . The negative strip is changed from lead 
sidphate, PbSCb, to spongy lead, Pb. The hydrogen ions, H, near the 
positive strip, PbS() 4 , combine with the sulphate ions, SO4, and also pro¬ 
duce sulphuric acid, H 2 S() 4 . All the oxygen ions, 0, are attratded to the 
positive strip and combine with the lead, Pb, there to make this strip lead 
peroxide, PbOo. The electrodes have been restored to their previous state, 
that is, two chemically dissimilar materials, and the cell again has chemical 
energy that can be transformed to electrical ener’gy. Notirie that during 
this process water, H 2 O, has been changed to sulphuric acid, H 2 SO 4 . 

3-12. The Commercial Storage Battery. The most commonly used 
storage battery is the three-cell lead-acid type. The voltage of a fully 
charged battery is 0.6 volts, but it is commonly referred to as a 6 -volt 
battery. 

Commercial Cells. The simple cell shown in Fig. 3-18 has no practical 
value because its capacity is too small. The commercial cell is much larger 
and incorporates many refinements in its construction that make it possible 
to increase the capacity a great deal. The capacity of a battery is expressed 
as the ampere-hour capacity and is proportional to the amount of active 
material in the electrodes or plates, as they are commonly called. The area 
of the plates is therefore an important factor in the rating of a battery. By 
placing a positive plate between two negatives, both sides of the positive 
plate become active and the cell can be made smaller. In order to make 
batteries in convenient sizes, the total plate area is obtained by using a 
number of smaller plates set side by side and connected in parallel. To 
have both sides of each positive plate facing a negative, it is necessary to 
have one more negative plate than the number of positives. This accounts 
for the fact that batteries always have an odd number of plates, such as 11 , 
13, 15, and 17. A further advantage of using both surfaces of the plates 
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is that it prevents the buckling which takes place when only one side of a 
plate is active. 

Construction of Plates. Another limitation of the simple cell is that 
any attempt to increase the cell capacit 3 ^ by increasing the thickness of 
the lead peroxide coating usually causes the lead peroxide to flake and fall 
off the plate. The construction of the plates lused in commercial cells is 
of improved design made by the Plante process, 

the Faure process, or some modification of _ ^ 

these processes. 

The Plante type of plate is made of a sheet 
of lead and has its active material formed from 

the plate itself by means of an electrochemical | ^ 

process. By special design and method of I- 

manufacture, the active area of this type of > j'^ 

plate is 0 to 10 times greater than the apparent 
surface area. 


The Faure type of plate is constructed by ; r 

making the activematerial in a paste form and 
pasting it into a grid framework. Generally, 
a grid framtjwork of harder material is pro¬ 
vided, and the active material, that is, the 
spongy lead and the lead peroxide, is applied 

to it by one of various processes. The frame- s-ifj.—A single-ccii glriss^ 

. * 1 1 1 ■ l>sittprv. {Eleclnc iitorage 

work IS usually made of a lead-antimony alloy Battery Co.) 
which provides strength and in which very 

little chemical action takes place. This type of plate is commonly called 
the 'pasted plait. 

Separators. In order to conserve space, the plates are placed close to 
one another, and insulators are placed between them to prevent a positive 
plate from touching its adjacent negative. These insulators, or separators 
as they arc also called, have been of various kinds of materials, but those 
most commonly used are Avood, rubber, and plastics. 

Containers. Each cell is placed in a container made of hard rubber, 
glass, or wood lined with lead. The type of container depends upon the 
manner in which the battery is used, whether it is stationary or portable. 
Automobile batteries and most radio storage batteries use hard-rubber jars. 
In many types, all three jars are of hard rubber and are molded into a 
single unit. The containers are always made deeper than the space actu¬ 
ally required by the plates, to allow the material that drops off to settle 
at the bottom without touching the plates and causing a short-circuited 
cell. After the plates are placed in the container, a hard-rubber cover 
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fitted with a filler tube and vent cap is set over the cell and sealed with a 
compound. The cells are connected in series by heavy lead connectors, 
and the positive terminal is marked by a large + sign or with a red color. 

T'he Electrolyte. The electrolyte is a dilute sulphuric acid solution 
mixed in such a proportion so that with a fully charged battery its specific 



(o) 


[ 


(b) ic) 

Fig. 3-20.—Construption of plates: (o) grid partly filled with antive material, (b) negative 
group, (c) positive group. {Electric Storage Battery Co.) 
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gravity will be approximately 1.280. During the normal life of a battery 
that is properly cared for, the electrolyte loses none of the acid, and it is 
therefore necessary only occasionally to replace the water that has evapo¬ 
rated. To ensure normal battery life, only pure water should be added. 



(a) (L) 

Fio. 3-21.—Separators; (a) wood separator, (b) Fiberglas separator. {EUctric Storage Bat¬ 
tery Co.) 


Battery Ratings. It has already beeti stated that the capacity of a 
battery is generally expressed in ampere-hours and that the capacity is 
proportional to the active material on the plates. The ampere-hour rating 


- ^ 





(h) 



(c) 


Fig. 3-22.—Battery containers; (a) wood case, (b) rubber container, (c) cross section of the 
lower part of a container. [Electric Storage Battery Co.) 


is based upon the number of amperes that a battery can deliver for a speci¬ 
fied length of time. Stationary batteries are rated at eight hours; for exam¬ 
ple, a battery that can deliver 12.5 amperes for 8 hours would be rated at 
12.5 X 8, or 100 ampere-hours. 
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The eommercial storage battery is fundamentally the same as the 
simple storage cell described in Art. 3-11. It is modified in construction 
to provide ample rating and increased length of life. The action within 
the battery during charge and discharge is also fundamentally the same 
as that of the simple cell and has been already described. 

3-13. Charging the Storage Battery. Nv.paI oJ Charging. One of the 
most important requirements in storage-battery operation is that the 
battery be maintained in a charged condition. This is important for two 
reasons: (1) to be sure of a suppl 3 '^ of electrical energy when needed and (2) 
to ensure a normal life for the batter}^. 


Direct current line 



Fig. 3-20.—CharKiiig a storagB battRry from a d-c power line. 


Whm to Charge a Battery. In studying the action of a simple cell, it 
was shown that during discharge some sulphuric acid is transferred from 
the electrolyte to the plates and that during charging sulphuric acid is 
returned to the electrolyte. As sulphuric acid is heavier than water, it 
becomes apparent that there will be a change in the weight of the electro¬ 
lyte when the battery charge increases or decreases. The relative weight of 
the electrolyte to that of pure water may be determined by the use of an 
instrument called the hydrometer. 

The hydrometer, shown in Fig. 3-24, consists of a long glass tube fitted 
with a thin rubber hose at its lower end, a rubber bulb at the upper end, 
and a hydrometer float inside the glass tube. By inserting the hose into 
a cell and then operating the bulb, a quantity of the electrolyte may be 
drawn into the glass tube. The float will rise with the liquid, and the 
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condition of the battery may be read. Moat hydrometer floats are marked 
with a scale starting with 1000 and extending to 1300, while some also 
have marks labeled charged, half-charged, and discharged. 

When a battery is fully charged, the electrolyte is heavier because it 
contains a greater amount of arid and the hydrometer reading approaches 
the 1300 mark. When completely discharged, the electrolyte contains less 
acid, and the hydrometer will read about 1100. Hydrometer readings 
should be taken at regularly scheduled intervals, and when the reading 
drops to about 1225 the battery should be recharged. 



liG 3-27 - A Tuiigar batter> rharger {Cvuvral Electric Co ) 

Charging Rate. There are several methods of charging a battery, and 
the choice of the method will depend largely upon the kind of current 
available, that is, whether it is direct or alternating, and the kind of charg¬ 
ing equipment at hand. Regardless of the method used, two precautions 
must be observed, (1) that the polarity is correct and (2) that the charging 
rate is not too high. The polarity is correct when the positive terminal 
of the battery is connected to the positive side of the charging source. The 
charging rate recommended as best for the battery is such that full charge 
can be attained in eight hours. The 100-ampcre-hour battery therefore 
should be charged at the rate of 100 divided by 8, or 12.5 amperes, to ob¬ 
tain the maximum life of the battery. It is possible to start the charge 
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at a higher rate, but this should be gradually reduced to prevent damage 
to the cell. At no time should the rate be so high that it causes excessive 
temperature and gassing at the battery. To avoid accidents, do not go 
near the batteries with an open flame or lighted cigarettes, etc., while they 
are being charged. 

Charging Apparatus. A battery may be charged from a lighting circuit 
without special apparatus only if that circuit is direct current. Evt^n 
then it is necessary to connect some resistance in series with the circuit to 


keep the charging rate at a safe amount. 
It is common practice to connect ordi¬ 
nary lamp bulbs in the circuit for this 
purpose, one 100-watt lamp providing 
a one-ampere rate; for each additional 
ampere of charging rate desired an 
additional 100-watt lamp must be con¬ 
nected in parallel. The circuit sho\vn 
in Fig. 3-20 will provide approximately 
a six-ampere charging rate. 

When only alternating current is 
available, it is then necessary to have 
special equipment to charge a battery. 
The Tungar bulb rectifier is the most 
common and is popular where a low 
rate of charge is desired for a single 
batlery. This type of charg(‘r can be 
purchased in sizes of 5- and 10-ampere 
charging rates. For larger amounts of 
current and where many batteries are 
to be charged at the same time, a cop¬ 
per oxide rectifier or a motor-generator 
set is used. 


> - r-. . ' ■ ' 

■■ -- '■j. V -nj 



Fig. 3-28.—A prjpprr oxide baltiry 
chillKcr. {P. R Mallory & Co , Inc ) 


3-14. Care of Batteries. The average life of a battery is two to four 
years, depending upon its quality and the kind of care exercised in its use. 
To get the maximum life out of a battery, the following procedures are 
recommended: Keep the lop of the battery clean and dry at all times to 
prevent corrosion and leakage of current. If corrosion has started, the 
battery may be cleaned by the use of a stiff brush and then wiped with a 
rag moistened in a solution of household ammonia. When cleaned, the 
terminals and other metal surfaces should be covered with a pure mineral 
grease such as Vaseline to minimize further corroding. 

Keep the electrolyte at the proper level. It should always be high 
enough to cover the plates and separators as this prevents decay of the 
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separators. This should be rhecked at regular intervals of one or two 
weeks and when found to be too low should be brought to the proper level 
by adding water free from impurities. Di'^tilled water or cleai ram water 



III. 3-21 —A motnr-Ki-npralor s( t {Ehciro Dynaynu Worl a ) 



IS excellent for this purpose When adding water, the level should not be 
brought more than three-eighths inch abo\ e the top of the separatois As 
only the water evaporates, it is never necessaiy to add acid during normal 
operation of a battery Be sure to replace and tighten the vent caps. 







Abt. 3-141 


BA TTERIES 


115 


Take frequent hydrometer readings to ascertain the charge of the bat¬ 
tery. It is advisable to take these readings at the same time that the level 
of the electrolyte is being checked. When the hydrometer is down to 
1225, the battery should be recharged. Allowing the battery to remain in 
a low idiarged condition will reduce its length of life. 

Do not charge the battery at a rate higher than its normal current unless 
in an emergency. Charging at too high a rate causes excessive boiling and 
gassing and also a permanent loss in some of the active material of the 
plates. This will result in a shorter life for the battery. Nothing can be 
ac(;omplished by charging a battery after it is fully charged; therefore, 
overcharging should also be avoided. 

Do not leave a battery in a discharged condition for a long period of time 
(wen though it is not being used. If left in a discharged condition, a coat¬ 
ing of hard sulphate may form on the plates. This sulphate coating can¬ 
not be converted to active materials, and the cell is permanently injured. 
This action is commonly called sulphathn and may also be caused by high 
battery temperatures and too much sulphuric acid in the electrolyte. 

If a battery is to be taken out of service and stored away for several 
months, it should be fullj'' charged before storing and it should be inspected 
periodically to see that the level of the electrolyte does not get too low. 
If stored for longer periods of time, it should be charged occasionally so 
I hat it will be kept fully diarged at all times. 

Hatteries used in subfreezing temperatures should be kept fully charged, 
for the freezing point of the electrolyte decreases as the hydrometer indica- 
t ion increases. The freezing point of the electrolyte at 1100 is approxi¬ 
mately 20° Fahrenheit above zero; at 1200 it is approximately 15° Fahren¬ 
heit below zero; and at. 1250 it is approximately 60° Fahrenheit below 
zero. Freezing of the electrolyte will cause the plates to be damaged and 
may also burst tlu? containtu-. 
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QUESTIONS 

1. Why is it important to have a knowledge of batteries? 

2. Describe the construction of a simple cell. 

3. Define (a) electrode, (f>) electrolyte, (c) primary cell, (d) secondary cell. 

4. (a) What determines the voltage of a cell? (6) What is the approximate 
maximum value? 

6. What determines the current rating of a cell? 
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6 . Why does the zinc become the negative terminal of a primary cell? 

7. Why does the carbon become the positive terminal of a primary cell? 

B. (o) How is the difference in direction of electron flow and current flow ex¬ 
plained? (b) Which is correct? (c) Which is used more and why? 

0. (tt) What is meant by polarization? (b) What is done to reduce it? 

Iff. (fl) What is meant by local action? (b) What is done to reduce it? 

11. Describe the construction of a dry cell. 

12. Why is the service date stamped on dry cells? 

13. What is the maximum amount of current that a standard dry cell can furnish 
for a 3-hr period without impairing its normal life? 

14. Draw a diagram showing (a) 6 cells connected in series, (b) 6 cells connected 
in parallel, (c) 12 cells connected in a parallel-series combination so that the voltage 
will be 6 volts. 

16. (a) Describe the construction of B batteries and C batteries, (b) What are 
the usual voltage ratings of these batteries? 

16. (a) State two important advantages of the air cell over the dry cell, (b) 
What must be done to put an air-cell battery into service? (c) What is the objec¬ 
tion to drawing large currents from an air-cell battery, even for short periods of 
time? 

17. How do secondary cells differ from primary cells? 

IB. Describe the construction of a simple secondary cell. 

19. What is meant by forming of the plates? 

20. Does the battery store electrical or chemical energy? Explain your answer. 

21. What is meant by the expression “the action of a secondary cell is revers¬ 
ible”? 

22. Describe the construction of a commercial storage battery. 

23. What is the function of the (a) grid framework, (b) separators, (c) container, 
(d) cover, (e) connectors, (/) vent caps? 

24. (a) How is a storage battery rated? (b) Upon what number of hours is the 
normal rate based? 

26. (a) What is meant by charging a storage battery? (b) Discharging? 

26. (a) What is a hydrometer? (b) What is its use? 

27. Name four means of charging a storage battery. 

2B. (a) What charging rate is recommended? (b) What is the maximum rate? 
(c) What precautions should be observed in the so-called one-hour charge? 

29. Draw a diagram showing how the -|- and — terminals of a battery should 
be connected to the charging source. 

3ff. What ordinary care does a battery require? 

31. What care should be taken of a battery that is to be out of service for several 
months? 

32. Do temperatures below freezing have the same effect on fully charged bat¬ 
teries as on half-charged batteries? Explain your answer. 

PROBLEMS 

1. The filament circuit of a certain radio set requires 10.5 volts and draws 0.060 
amp. If dry cells are to be used as the source of power, how many are required and 
how should they be connected? 

2. A special battery is constructed of 1.5-volt cells and has an emf of 37.5 volts 
at its terminals. How many cells are there in the battery? 

3. A battery is made of 15 cells connected in series. Each cell has an emf of 2.2 
volts. What is the voltage of the battery? 
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4, If two 45-volt and one 22|-volt B batteries are connected in series, what volt¬ 
age will the combination supply? 

6. The filament circuit of a certain radio set requires 0.48 amp at 1.5 volts. If 
dry cells are to V)C used jis the source of power, how many ai e required and how should 
they be connected? 

6 . If a particular size and make of dry cell can safely deliver J amp, how many 
cells are required to deliver 1.5 amp? How should they be connected? 

7. The filament circuit of a certain radio receiver requires 0.25 amp at 6.0 v(dts. 
How many dry cells would be required for this circuit, and how should they be con¬ 
nected? 

B. A filament circuit requires 0.50 amp at 7.5 volts. How many dry cells would 
be required for this circuit, and how should they be connected? 

9. An air cell A battery can supply 0.75 amp at 3.0 volts. How many dry cells 
would be required to do the same work if each cell is rated at 0.125 amp and 1.5 volts? 

10. The air cell A battery of Prob. 9 has a life of 1000 hr and costs $5.50. (a) 

If the dry cells have a life of 3331 hr, how many would be required to do the same work 
for the same length of time? (Ij) If the dry cells cost $0.35 each, what would be their 
total cost? (c) Which is cheaper, the air cell A battery or the group of dry cells 
required for the same total rating? 

11. The capacity of a cell increases as the area of the zinc container increases. 
The regular unit cell (size D) is 1^ in. in diameter and 2w in. high. The "baby” 
unit cell is 1 in. in diameter and 1^ in . high. IIow'^ much greater is the capacity of the 
regular size than the "baby” size? 

12. A certain radit) set ref|uires 135 volts for the plate or B circuit, (a) If 45- 
volt B batteries are available, how many would be required? (5) How many 1.5-volt 
cells are there in each battery? (c) What is the total number of cells in the complete 
B battery circuit? 

13. One popular type of C battery has terminals marked —3, —4J, —16^, 
— 22\ volts. If the battery is constructed of 1.5-volt cells, how many cells are re¬ 
quired for the maximum voltage and at what points are taps taken off? 

14. A battery manufacturer lists a Standard B battery at $2.35 and a Super B 

at $2.S5. (a) If the standard is rated at 1500 ma-hr and the Super at 4000 ma-hr, 

how many hours will each type battery supply a set requiring 50 ma? (6) What is 
the cost per hour of service for each typt^? (c) Which is the more economical and 
why? 

15. A lOO-ainp-hr storage battery is used to supply the 5-volt filament circuit of 
a battery-operated receiver. How many hours can the battery operate the receiver 
if the current required is 1.5 amp? 

16. If the storage battery of Prob. 15 is run down, w^hat ampere rate of charge is 
recommended on the basis of its normal rating? 

17. If the storage battery of Prob. 15 is charged by means of a 5-amp Tungar 
charger, how many hours are required to charge the battery fully? 

IB. A storage battery cell has 11 plates (five positive, six negative) each 5^ by 
G^in. The plates arc of the pasted type and will give a capacity rating of 1 amp-hr 
for every 3 sq. in. of jiositive plate area, (a) What is the active area of the positive 
plates? (b) What is the ampere-hour capacity of the battery? 

19. What is the ampere-hour capacity of a battery similar to that of Prob. 18 
but with 17 plates per cell? 

20. A storage battery using Plant(5-type plates has 15 plates per cell each 5 by 
6 in. The active area is eight times the apparent surface area, and the battery will 
have an output of 1 amp-hr for each 20 sq. in. of active area. What is the ampere- 
hour rating of the battery? 



CHAPTER IV 


ELECTRIC CIRCUITS 

An electric circuit is the path taken by an electric current from its 
source, through the conductors, and back to its starting point. From this 
definition, it can readily be seen that an electric circuit must be a closed 
path in order that the electrons leaving the starting point can return to 
that point upon completing the circuit. 

The essential parts of any electric circuit are the source of power, the 
conductors used to transmit the electric current, and the appliance or 
appliances to be supplied with electrical energy. 

In Chap. IT it was shown that the controlled movement of the free 
electrons in a conductor forms an electric current. Certain materials emit 
free electrons more easily than do others and offer very little resistance to 
the flow of electrons. These materials are good conductors of electric 
currents. Other materials emit very few electrons and greatly oppose 
their flow. These materials are poor conductors (or insulators) of electric 
currents. 

4-1. Resistance of Conductors. The resistance of any conductor will 
vary with its length, cross-sectional area, the material of which it is made, 
and its temperature. 

Lmgth. A conductor of any given material and cross-sectional area 
will offer a definite amount of resistance to the flow of electrons per unit 
length of the conductor. If the length of the conductor is increased, the 
distance the electrons must travel is increased and therefore the resistance 
of the conductor is increased. In a similar manner, the resistance of the 
conductor will decrease if the length of the conductor is decreased. We 
can therefore conclude that the resistance of any conductor will vary 
directly with its length. 

Cross-scctional Area. A conductor of any given material, length, and 
cross-sectional area will offer a definite amount of resistance to the flow of 
electrons. If this area is increased and the same flow of electrons is main¬ 
tained, the resistance offered to its flow decreases as the area of the path 
for the electronic flow is increased. In a similar manner, it may be seen 
that the resistance would increase if the area is decreased. The resistance 
of a conductor will therefore vary inversely with its cross-sectional area. 

Material. The resistance of any conductor depends upon the material 
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of which it is made, as some materials offer greater or less resistance to the 
flow of an electric current than others. For example, a piece of steel wire 
offers more resistance to the flow of an electric current than a piece of 
copper wire of the same length and cross-sectional area. The resistance of 
a conductor will therefore vary directly with a basic unit resistance depend¬ 
ing on the material. This value is usually expressed by the letter K and 
is called the specific resisiwiiy of the material. 

Temperature. The resistance of most materials increases if their tem¬ 
perature is increased, and a few materials show a decrease in resistance 
with a temperature rise. There are also a few materials whose resistance 
is not affected by any temperature change. The resistance of a conductor 
will therefore vary directly with its temperature coefficient. In general, 
the change in resistance due to temperature variation is very slight and 
for most practical purposes may be disregarded. For work where accurate 
results are desired, the following formula can be used. A list of tempera¬ 
ture coefficients for some of the more common materials used will be found 
in Appendix IV. 

= Ri + [Ri X TeX {tf - ti)] (4-1) 

where Rf = final resistance 
Ri = initial resistance 
Tc = temperature coefficient 
ti = initial temperature, degrees centigrade 
tf = final temperature, degrees centigrade 

Example 4-1. A resistor miide of advance wire has a resistance of 10,000 ohms 
at 20“C. What is its resistance at 40°C? 

Given: Find: 

Material = advance Rf = ? 

U = 20°C 
if = 40"C 
Ri = 10,000 ohms 

Solution: 

Tc for advance wire = 0.000018 (Appendix IV) 

Rf = IL -h \Ri X Tr X (If - 

= 10,000 -h [10,000 X 0.000018 X (40 - 20)] 

= 10,000 -h 3-6 
= 10,003.6 ohms 

Example 4-2. A carbon resistor has a resistance of 250,000 ohms at 20“ C. 
What is its resistance at 60° C? 

Given: Find: 

Material = carbon Ry = ? 

ti = 20“C 
if = 60“C 
Ri = 250,000 ohms 
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Solution: 


Tc for carbon = —0.0003 (Appendix IV) 

Rr = Ri + \Ri X T, X {if - ^)J 

= 250,000 + [250,000 X (-0.0003) X (60 - 20)] 
= 250,000 - 3,000 
= 247,000 ohms 


Relation of Material, Length, and Area to Resistance. From the fore¬ 
going explanations of the various factors affecting the resistance of con¬ 
ductors (disregarding temperature), the following mathematical expression 
has been derived: 

a: X length KL , ^ 

Resistance =-— or R = (4-2) 

area A 

where R = resistance, ohms 

K = specific resistance (Appendix IV) 

L = length, feet 
A = area, circular mils 

Circular Mil Area. A mil is equal to one-thousandth of an inch. A 
s(|uare mil is equal to the area of a square whose sides are all one mil in 
length. A circular mil is an amount that is equal to the area of a circle 
whose diameter is one mil. To find the area in circular mils, simply square 
the diameter in mils. The circular mil is a smaller area than the square 
mil, and for convenience in arithmetic it is used to express the area of wire 
sizes. 


Example 4-3. Find the urea in circular mils of a wire 0.25 inch in diameter. 


Given; 
d = 0.25 in. 


Find: 

Area in cir mils = ? 


Solution; 


0.25 in. = 250 mils 

Area = 250 X 250 = 62,500 cir mils 


4-2. Specific Resistance. Definition. It has been stated that the re¬ 
sistance of a conductor will depend on the specific resistance of the material 
of which it is made. The specific resistance of a wire is the resistance of a 
circular mil-foot of that wire. In other words, it is the resistance of a wire 
whose diameter is one mil and whose length is one foot. 

Shapes of Wire and Conducting Materials. Wires manufactured for the 
transmission and distribution of electric currents are usually drawn round. 
Bus bars, switch blades, etc., are made rectangular but seldom enter into 
radio calculations; therefore they will be disregarded. The formula for 
finding the resistance of a wire then becomes 



(4-3) 
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where R = resistance, ohms 
K = specific resistance 
L = length, feet 
d = diameter, mils 


Example 4-4. Find the resistance of a coil of wire, the average diameter of 
which is two inches and which consists of 126 turns of copper wire 20 mils 
in diameter. 


Solution: 


Given: Find: 

Diameter of coil = 2 in. Resistance = ? 

Turns = 126 

Diameter of wire = 20 mils 
Material = copper 

Length = TT X diameter X number nf turns 
_ 3.14 X 2 X 126 
“ 12 


= 65.94 ft 

For copper, K = 10.4 (Appendix IV) 


R = 


tP 


_ 10. 4 X 65.94 
20 X 20 
= 1.714 ohms 


Wire Gauge. All wire is designated according to definite gauge sizes or 
numbers. Each number represents a wire of a certain diameter. In the 
United States, the American Wire Gauge is used for designating the size 
of any kind of wire. It is based on a constant ratio of cross-sectional areas 
between wires of successive gauge numbers. An increase in the gauge 
number will correspond to a decrease in the cross-sectional area but will 
also result in an increase in the resistance. A wire table showing the 
resistance per 1000 feet of copper Avire (at 25° centigrade) is given in 
Appendix V. 

Example 4-5. What is the resistance of a coil having an average diameter of 
1.5 inches and consisting of 320 turns of No. 28 copper wire? 

Given: Find: 

Diameter of coil = 1.5 in. Resistance = ? 

Turns = 320 
Wire = No. 28 copper 

Solution: 

Length of wire = diameter X tt X number of turns 
= 1.5 X 3.14 X 320 
= 1507 in. 

= 125.58 ft 

Resistance of 1000 ft of No. 28 wire = 66.17 ohms (Appendix V'‘ 

_ . , 125.58 

Resistance of 125.58 ft = -X 66.17 = 8.31 ohms 

1000 
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Condvctance. Conductance is a term used to express the ease with 
which a material allows an electric current to flow through it. This is the 
opposite of resistance, and the unit of conductance, the mho, is obtained 
by spelling the unit of resistance, ohm, backward. By definition, conduct¬ 
ance is the reciprocal of resistance. The reciprocal of any number is equal 
to one divided by that number. For example, the reciprocal of 5 is one- 
fifth; the reciprocal of 10 is one-tenth, etc. 

Conductance = . ^- or G = ^ (4-4) 

resistance K 


From this formula, it can be seen that a material having a high specific 
resistance would have a low specific conductance, and vice versa. 

Exarnph 4-6. Whal is the specific conducimice ef copper wire? 

Given: Find: 

Material = copper Specific conductance = ? 

Solution: 

Specific resistance = 10.4 (Appendix IV) 

Specific conductance = - 

10.4 

= 0.0061 mho 


4-3. Conductors. Conducting Material. A substaniie through which 
an electric current can flow easily is called a conductor. Every substance 
is a conductor of electriiiity, at least to some slight extent, but some sub¬ 
stances are far better conductors than others. Theoretically, the best ma¬ 
terial to be used as a conductor would be the one having the highest specific 
conductance; this would be the one having the lowest specific resistance. 

Factors Determining Choice of a Conducting Material. The use of con¬ 
ducting materials for practical applications requires consideration of a 
number of other factors. These factors arc (1) cost, (2) specific resistance, 
(3) ability to be fused, (4) ability to withstand nature’s elements, (5) flexi¬ 
bility, (fi) melting point, (7) weight, (8) elasticity, (9) tensile strength. 
For example, if a conductor is to be used for instrument work where the 
losses due to resistance should be as low as possible, the cost would be dis¬ 
regarded and the material having the lowest specific resistance would be 
used. 

If a material is desired for general Aviring purposes, other factors must 
be considered. The cost cannot be too high because of the large quantity 
to be used; the specific resistance must be Ioav in order to minimize power 
(PR) losses; the material should be easily joined whether it be soldered, 
brazed, or welded; the elements of nature such as heat, cold, and dampness 
should have no effect on it. It should be flexible enough to be handled and 
shaped into the various necessary bends that are peculiar to all wiring. 
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Finally, its melting point must be high enough to withstand abnormal 
temperature rises. In general, copper is used for most wiring purposes be¬ 
cause it meets the necessary requirements best. 

Sometimes a material that is elastic is needed for such uses as spring 
contacts and circuit breakers. Phosphor bronze is generally used for this 
purpose. 

Whenever a sliding or wiping contact is required, the material used 
must be soft enough to prevent excessive wear on the surface with which 
it makes contact. Carbon, graphite, and soft copper, used individually or 
in combination with one of the others, arc the materials used for making 
brushes (sliding contacts). 

If the material desired is l.o bt^ used as a resistor to limit the flow of 
electric current as in the case of rheostats, heaters, and resistors, a material 
having a high specific resistance is used. The melting point must also be 
high as this type of apparatus is constantly subjected to high temperatures. 

The operation of a fuse depends on the ability of ihe material of which 
it is made to melt easily and thus break the circuit when more than its rated 
current is flowing. Therefore, materials used for making fuses must have 
a low melting point. 

4-4. Insulators. Jrmdaiing Material. A perfect insulator is a mate¬ 
rial through which no electric current can pass. All materials emit a 
certain number of free electrons, no matter how few ; therefore no such sub¬ 
stance as a perfect insulator exists. However, very poor conductors are 
approximately such and are therefore used w^henever an insulating material 
is required. 

Breakdown Voltage of an Irundator. All materials offer some resistance 
to the fiow^ of electric current. Insulators, or poor conductors, offer a high 
resistance to the fiow^ of electricity; the higher the resistance, the better 
the insulator. If the voltage across an insulator is increased, the attrac¬ 
tive force acting on the free electrons in the insulator will increase. This 
causes the free electrons to move at an increased speed. If the voltage is 
high enough to increase the velocity of the electrons to a point that causes 
them to collide against the atoms with sufficient force to detach other elec¬ 
trons from the neutral atoms, a steady stream of free electrons will rapidly 
form through the insulating material and the insulator is now a conductor. 
The voltage required to cause this electron flow% thus changing the insulator 
to a conductor, is called the breakdown voltage of the material. 

Effect of Breakdown of the Insulation. This breakdown of the insula¬ 
tion between conductors is often accompanied by the passage of an electric 
spark. Sufficient heat is produced by this spark to burn a path through 
such insulating materials as paper, cloth, wood, or mica. Hard materials 
such as porcelain or glass will crack or allow a small path to be melted 
through them. 



124 


ESSENTIALS OF ELECTRICITY 


[Aht. 4-4 


Dielectric Strength. Increasing the thickness of the insulator will in¬ 
crease the distance through which the voltage must force the electrons. 
This is the same ^s increasing the resistance of the insulator, for the resist¬ 
ance of any material will A^ary directly with its length. Therefore the 
breakdown voltage of a material will vary directly with its thickness. The 
dielectric strength of a material is expressed in volts per unit thickness of 
the material. In Appendix VI are listed some of the common materials 
used as insulators for radio and television apparatus and their correspond¬ 
ing dielectric strength expressed in volts per thousandths of an inch thick¬ 
ness of the material. 



Materials used for electrical insulation are generally manufactured com¬ 
pounds. The dielectric strength of a material will therefore vary with the 
manufactuie and the proportion in which the required elements are com¬ 
bined. The physical structure of a material Avill vary Avith changes in 
weather, heat, cold, and moisture; this in turn Avill affect its dielectric 
strength. 

Appendix VI indicates that a piece of cotton 0.001 inch thick has a 
dielectric strength of 300 volts. Increasing the thickness of the cotton to 
0.005 inch will increase its dielectric strength five times, or to 1500 volts. 

Effect of Alternating Current on Insulating Properties. The insulating 
property of a material is different for direct current than for an alternating 
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current. As the frequency of an alternating current is increased, the di¬ 
electric strength of a material will decrease. This decrease in dielectric 
strength not only varies inversely with the frequency but also decreases 
very rapidly with increases in frequency. The variation of the breakdown 
voltage of a material with a change in the frequency of the applied current 
must be taken into consideration in choosing a material for the dielectric 
of a capacitor. The various types of capacitors, their construction, and 
their use in radio circuits are discussed in Chap. IX. 

Classification and Uses of Insulating Materials. Materials used as insu¬ 
lation for electrical apparatus may be classified as follows: 


1. Vitreous. Glass, enamel 

2. Stony. Slate, marble, mica, porcelain, asbestos, 

ceramics 

3. Resinous. Shellac, resins, gums 

4. Bituminous. Asphalt, pitch 

5. Waxy. Beeswax, paraffin 

6. Elastic. Rubber, ebonite 

7. Oily. Oils of vegetable, animal, or mineral origin 

8. Cellulose. Paper, wood, cotton, linen, cambric, cellu¬ 

loid, cellophane, Bakelite, lucite 

9. Animal tissue. Silk, fiber, catgut 


Materials used for electrical insulation have a dual purpose, namely, to 
provide mechanical protection and to serve as electrical insulation. In 
selection of insulating material its use is the important factor in determin¬ 
ing its electrical, physical, and mechanical characteristics. For example, 
if the insulator is to be subjected to great heat, as in soldering irons or 
toasters, mica must be used; if it must be firf^proof, as in the power cord in 
small radios having a dropping resistor, asbestos is used; if space, flexibility, 
and a fair dielectric strength are to be the deciding factors, as in the dielec¬ 
tric for small fixed capacitors, cellulose and animal tissue materials are 
used; if the material to be insulated is of intricate design, so that it can be 
insulated only with a liquid that will harden when dry, as on the coils in 
audio and small power transformers, resinous, bituminous, and waxy ma¬ 
terials are used. Where a high dielectric strength is desired, as in the case 
of radio transmitters and high-frequency or high-voltage transformers, 
glass and porcelain are used; where the insulation must remain liquid, like 
that used in large switches and circuit breakers to quench the arc when the 
circuit is opened, the various oils are used. 

4-5. Resistors. It has been stated that the conductors in any circuit 
are used to transmit the power to the appliance or devices used. In d-c 
circuits, all appliances and devices are considered as having only resistance. 
In a-c circuits, two new factors, inductance and capacitance, must be taken 
into consideration. How these factors affect the electric circuit will be 
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taken up in a later chapter on alternating currents. For the present, only 
d-c circuits and the corresponding resistance effect will be considered. 

The number of resistors used in radio, television, and electronic circuits 
is quite large. It would be impossible to describe in detail all the resistors 
used. Improvements are constantly being made; new types are being 
developed and are continually replacing some of the older forms, thereby 
increasing the already vast number of types of resistors in use. 

Classification of Resistors According to Material. There are two general 
types of coiistruction employed in the manufacture of resistors, and the 
resistors are referred to as being either metallic or nonmetallic. 

The material used in the metallic resistors is generally in the form of a 
wire or a ribbon, and these resistors are commonly called wire-wound resis¬ 
tors. The wire or ribbon is wound around a supporting form made of 
insulating material. The wire is generally an alloy containing two or more 
elements such as copper, iron, nickel, chromium, zinc, and manganese. 

The material used in the nonmetallic resistors is carbon or graphite, 
both of which have a very high specific resistance. Because of the high 
specific resistance, the resistors can V)e made smaller than wire-wound 
resistors. As both carbon and graphite exist in the form of fine powder, it 
is necessary to add a substance, usually called a hinder., that will hold the 
fine particles of carbon together. It is then formed into rods which are 
next cut into short pieces to make up the resistor. Each piece is generally 
enclosed by some insulating material, and leads are attached to the ends. 
Resistors of very high values, as 10 megohms, etc., are sometimes made by 
applying a thin coating of carbon or graphite on a thin glass filament 
placed within a protective tube or on the inside wall of a glass tube. Metal 
caps attached at each end of the tube serve as connections to the deposit. 
Nonmetallic resistors are used quite extensively in radio, television, and 
electronic circuits because of the ease with which high resistance can be 
obtained and their low cost of manufacture. 

Classification of Resistors According to Control. Resistors may be fur¬ 
ther classified as (1) fixed, (2) variable, (3) adjustable, (4) tapped, (5) auto¬ 
matic resistance control. 

A fixed resistor is one whose value cannot be changed by any mechanical 
means. Fixed resistors may be made of carbon or of a metallic wire. The 
nonmetallic resistor made of carbon or graphite powder held together by a 
suitable binding substance is a widely used type of fixed resistor. Low- 
power wire-wound fixed resistors are made by winding the wire on a Bake- 
lite or fiber strip and attaching lugs to each of the ends in order to make 
connections to the resistor. A flexible low-power wire-wound resistor is 
made by winding a fine nichrome wire on a specially treated silk cord and 
then completel}'^ covering it with an impregnated fiber. High-power wire- 
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wound resistors are made by winding the wire on large threaded porcelain 
tubes and attaching copper terminals at each end; the entire unit is then 
dipped in enamel or a porcelain solution and baked. 



Fifi 4-2.—Wiri‘-wnund fixed rp.sistnrs. 


A variable resistor is one whose value of resistance at its terminals may 
be varied, and it is commonly called a rheostat. The rheostat has a sliding 
contact arm that may be moved to any position along the resistor and has 



Fig. 4-3. —Some of the various types of resi.stor.s used in radio. (Ohm'Ue Manufacturing 
Company.) 

one of its terminals attached to the contact arm and the other to one end 
of the resistance. As the position of the contact arm is varied, the value 
of the resistance between the two terminals will vary (see Fig. 4-26). 

An adjustable resistor is one that may be adjusted to a desired value 
and then set at that value. It differs from the variable resistor in that 
once it is adjusted to the desired value it is kept at that value. Adjustable 



128 


ESSENTIALS OF ELECTRICITY 


[Art. 4-5 


resistora are always of the metallic type and are generally wound on porce¬ 
lain forma. They are provided with one or more movable collars that may 
be clamped in a definite position after they have been adjusted to the 
desired value. 

A tapped resisior is one that provides two or more definite values of 
resistance on a single unit. Tapped resistors are similar to adjustable 
resistora except that the collars are not made movable but are set at fixed 
positions along the resistor to give definite values of resistance. Tapped 
resistors are always of the metallic type; they may be of the low-power 
wire-wound variety that uses a fiber or Bakelite 
form or of the high-power wire-wound type that 
uses a porcelain form. 

An automatic resistance control resistor is one 
whose resistance value changes automatically 
wiLh a change in current or temperature. In the 
study of effects of temperature on the resistance of 
certain materials, it was found that as the tem¬ 
perature of certain metals increased the resistance 
increased. This principle is used in automatic 
line controls or hallast resistors^ as they are usually 
called. A nickel or iron wire is placed inside a 
glass tube filled Avith an inert gas such as hydrogen 
or inside an air-cooled metal case. When the cur¬ 
rent flowing through this unit increases, it causes an 
increase in the temperature of the wire. The in¬ 
crease in temperature causes an increase in resist- 

^ ^ . ance which regulates the current and prevents it 

IHH. 4-4.—An automatic p ■ ■ ' - i 

ballaat-reKiilatinK tube that f^Om HSlUg CXCCSSlVely. 

may be used as an aiitonia- qJ Ucsistors. Rcsistorsand ihcostats are 

tic resiatancB-CDfitnil rcsis- , . i r ^ t * i 

tor. {Ampcriif. Company.) ^sed in a number 01 ways to adjust the current and 
voltage of electrical circuits. In radio and tele¬ 
vision circuits they are used as voltage dividers, loads for the output of 
vacuum tubes, resistors to provide the proper grid bias, current regulators 
in filament circuits, filter networks, grid leaks, etc. The type of resistor to 
be used is determined by its application and the tolerance permitted in its 
value of resistance. 

Commercial resistors of the wire-wound type may be obtained with a 
tolerance as low as ±1 per cent, which means that their values of resistance 
are accurate within one per cent of their rated values. Such resistors are 
used as multipliers and shunts for converting low-range voltmeters and 
ammeters to higher range voltmeters and ammeters. They are sometimes 
used in high-quality radio and television receivers and in electronic equip¬ 
ment when exact resistance values are of importance. 
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In selecting a resistor, its power rating as well as its resistance value 
must be taken into consideration. For example, a resistor rated at one 
watt and 10,000 ohms should not be used to carry a current of more than 
10 milliamperes, as 



0.01 ampere, or 10 milliamperes 


Standard Color Code for Resistors. A color code has been established to 
indicate the resistance value of fixed resistors. This color code is very 
useful for identifying the values of the carbon resistors used so extensively 
in radio and television work, especially since many resistors of different 
ohmic values have the same appearance. Appendix VII lists the standard 
color coding for resistors and illustrates the method used to determine the 
resistance value from the color markings. 

4-6, Electric Circuits. Resistance of Electric Circuits. The total resist¬ 
ance of a circuit is equal to the total pressure applied to that circuit divided 
by the current flowing in the circuit; expressed mathematically 


Rt = ^ (4-5) 

It 

where Rt = total line resistance, ohms 
Et = total line voltage, volts 
7 t = total lino current, amperes 

The resistance of any particular part of a circuit is equal to the potential 
difference between the terminals of that part of the circuit divided by the 
current flowing through that part of the circuit; expressed mathematically 



(4-6) 


where r = branch resistance, ohms 
e = branch voltage, volts 
i = branch current, amperes 
Four Kinds of Circuits. There are 
four ways in which electrical appli¬ 
ances may be connected: (1) simple 
circuit, (2) series circuit, (3) parallel 
circuit, (4) combination circuit. 

4-7. The Simple Circuit A circuit 4.5 circuit, 

is said to be a simple circuit when one 

and only one resistance is connected directly across the source of power (see 
Fig. 4-5). 
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In this circuit 

_ Et 

tlT — j— 

It 

Pt — J^T X It 
w = Pt XT 

4-0. The Series Circuit. When two or more resistances are connected 
end to end so that the current passes in turn from one to another, it is a 
Series circuit. In Fig. 4-0, the current leaves the negative side of the 
generator and returns througli the positive side, thus completing the electric 
circuit. 

Currents in a Series Circuit. As there is only one path through which 
the current may flow and as all the current that leaves the generator must 
return to it, the amount of current flowing in all parts of the circuit must 
be the same. Therefore 

It = ii = (4-7) 



Fjo. 4-0.—A aerius pircuit. 

Voltages of a Series Circuit. The voltmeters Fi, Fa, and Fg are con¬ 
nected to indicate the pressure required to force the current through the 
resistors n , r^, and rg, respectively. These voltage readings are also called 
the voltage drops at the resistors. As Eq represents the total voltage re¬ 
quired to force the current through the complete circuit, the voltage 
supplied by the generator must be equal to the sum cf the voltage drops of 
the circuit, or 

Eg =61 + 62+63 ( 4 - 8 ) 

Resistance of a Series Circuit. The current in its flow through this cir¬ 
cuit must pass through all the resistors before it can return to the starting 
point. The total resistance offered to flow of current will therefore be the 
sum of all the resistances, or 


Rt = Ti r^ Tg 


(4-9) 
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Power of the Series Circuit. Each of the resistors consumes power, and 
as all the power must come from the generator, the total power taken by 
the series circuit must be equal to the sum of the separate powers, or 

Pt = Pv + P2 + p, (4-10) 

Energy of the Series Circuit. As electrical energy is transformed to heat 
energy at each resistor and as all the energy must be supplied by the genera¬ 
tor, the total energy of the series circuit must be equal to the sum of the 
separate amounts of energy, or 

W = eui + en2 + ena (4-11) 

Characteristics of the Series Circuit. The characteristics of the series 
circuit may be summarized as follows: 

1. The current in all parts of the circuit is the same. 



\ 

—?-- 


llbvolfs 

1 
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ZlOvolh 


llbvolfs 

1 

1 

L_ 

1 

_t_ 

_i__ 


r^i|i|Ff!HiiilF-rHi|i|i 


\*6voHs- 


l&vo/fs- 


f 6vo/fs-A 


(a)-I\ND generators connected 
in series 


W-Three 6-volts storage batteries 
connected in series 


PiG. 4-7.—Power SDurres l•Ollm*l;tcll in series. 


2. The voltage applied, or the line voltage, is equal to the sum of the 
separate voltage drops of the circuit. 

3. The resistance of the complete circuit is equal to the sum of the 
separate resistances of the circuit. 

4. The total power is equal to the sum of the powers of the separate 
resistors. 

5. The total energy is equal to the sum of the energies of the separate 
resistors. 

Uses of the Series Circuit. Series circuits are used in radio and television 
receivers and may be found in some of the following circuits: (1) the plate 
circuit of vacuum tubes, (2) the filament (or heater) circuit of tubes in small 
sets, (3) in a circuit to which a dropping resistor is connected to limit the 
voltage across a certain part of the circuit. 

Power supplies are connected in series when a high voltage is to be 
obtained from several lower voltage units. For example, two 110-volt 
generators may be connected in series in order to obtain a 220-volt power 
line, or three six-volt storage batteries may be connected in series in order 
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to obtain a total of 18 volts across the combination. When power supplies 
are connected in series, the terminals of opposite polarities must be con¬ 
nected together. This is illustrated in Fig. 4-7. 

Disadvantages of the Series Circuit. If the wire should break at the 
point X (Fig. 4-6) or at any other point, the circuit would be broken and 
no current would be able to flow through any part of the circuit. This is 
a serious disadvantage of the series circuit, for if a break occurs in any part 
of the circuit the entire circuit becomes useless. 

If a pressure of 110 volts is desired for each resistor of Fig. 4-6, the line 
voltage would have to be 330 volts. If four more resistors were added to 
the circuit and each required a pressure of 110 volts, the line voltage would 
then have to be 770 volts. It can readily be seen that a high line voltage 
would be required if a number of 110-volt lamps (in place of resistors) were 
to be connected in series; therefore the series circuit is not practical for 
lighting circuits. 

Solution of Series-circuit Problems. Using the rules for series circuits 
as outlined and the fundamental principles of Ohm's law, it is possible to 
solve any problem involving series circuits. This can best be illustrated 
by the following example. 

Example 4-7. A 10-, a 15-, and a 30-ohm resistor am connected in series across a 
110-volt line, (o) What is the resistance of the circuit? (0 If the circuit is used 
for 10 hours, how much energy is consumed by each resistor? (c) What is the total 
amount of energy consumed? 

Given: Find: 


Et = 110 volts 

Rr = 

ri = 10 ohms 

eni = 

ra = 15 ohms 

en2 = 

7-3 = 30 ohms 

eng = 

T = 10 hr 

Wt = 


Solution: 

In solving circuit problems it is always best to draw a circuit diagram. The 
circuit diagram for this problem would be drawn as shown in Fig. 4-8. 


r /=/On /j =JOn 

o—yWVW'- ^AA/WV- 

ET'^nOw/fs 

I 

I 

I 

I 

I 

-- 4 - 

Fig. 4-8. 


From the rules for series circuits 


(o) 


Rt = ri Ta -|- Tg = 10 -j- 15 -|- 30 = 55 ohms 
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(b) In order to find the energy, it is necessary to know the value of the power and 
the hours. The power of each resistor may best be found by and since only the 
value of T is known it is now necessary to solve for the current, 

Et 110 

as It = = '^2 — ^3 

then pi = It X ri = 2 X 2 X 10 = 40 watts 

VI = Ir X 7-j = 2 X 2 X 15 = 60 watts 

Pa = /t* X r, = 2 X 2 X 30 = 120 watts 

Pj. = Pi + P 2 + Pa = 40 + 60 + 120 = 220 watts 

It is good practice continually to check the problem in order to locate any 
mathematical errors. In this problem, the total power can be checked by using the 
formula 

Pr = X /r = no X 2 = 220 watts 

This checks with the value obtained before by using a different method, and 
therefore the solution is mathematically correct. Continuing the solulion of the 
problem 

eni = pi X 7’ = 40 X 10 = 400 watt-hours 
6112 = p 2 XT = 60Xl0 = 600 watt-hours 
eria = pa X 7’ = 120 X 10 = 1200 watt-hours 

(c) Wt = oiii + 0112 + eiia = 400 + 600 + 1200 = 2200 watt-hours 

Checking the total energy by using the formula 

Wt = Pt X T = 220 X 10 = 2200 watt-hours, or 2.2 kwh 

This is the same answer as the above. Therefore the problem is mathematically 
correct. 

4-9. The Parallel Circuit. When tAVO or more resistances are connected 
so that the current will have two or more paths in which it may flow, it is 
a parallel circuit. In Fig. 4-9, the current leaves the generator at A and 
when it reaches B it divides into two paths, part of the current going toward 
G and the remainder toward C. The current going toward C upon reach¬ 
ing that point has two paths, and it will divide, part of this current going 
toward F and the remainder toward D. At F, the current from E joins 
with the current from C and flows toward G. At G, the current from F 
joins with the current from B and returns to the generator at H. 

Currents in a Parallel Circuit. Figure 4-10 shows the distribution of 
the current flow in the circuit of Fig. 4-9. The values of current shown 
throughout the circuit indicate the amount of current flowing in those parts 
of the circuit. It can be seen from this diagram that the line current is 
equal to the sum of the branch currents, as 4 amperes + 6 amperes -|- 2 
amperes = 12 amperes. 


It = U “h *^2 H" '^3 


(4-12) 
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Voltages of a Parallel Circuit. The current in flowing from the generator 
to Ti does not pass through any appreciable amount of resistance; therefore 
the voltage drop is negligible and e\ = Eg. Likewise as there is no appreci¬ 
able resistance offered to the current going from ri to r-i or from rz to ra, 
the voltage across T 2 and r^ is equal to that across ri and 

Eq = Cl = 62 = 63 ( 4 " 13 ) 



Fkj. 4-9.—A parallel circuit. 


These conclusions arc based on the assumption that the connecting 
wires have no resistance, which actually is not true; however, the resistance 
of these wires is ordinarily so low that the resulting voltage drop can be 
neglected. If more accurate values of the branch voltages are desired, the 
drop in the connecting wires can be calculated and subtracted from the 
line voltage, the remainder being the voltage at the resistor. 



H 12 amp G damp F 2 amp E 

I’lG. 4-10.—Current di.stributioii of the parallel cirniiit shown in Fig. 4-9. 

Resistance of a Parallel Circuit. The resistance of a parallel circuit 
cannot be calculated so easily as for the series circuit. It is calculated by 
the conductance method. The resistance of a parallel circuit may be ob¬ 
tained by using the formula 

Rt = J -7 (4-14) 

Ti T2 n 

where Rt is the total resistance of the circuit and n , , and rg are the 

resistances of the individual branches. 
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Substituting the values from Fig. 4-10 in the above formula 


Rt 




_1_ J_ 60 

2 + 3 -1- 1 “ 6 ~ 6 “ 
60 60 


The resistance of the line is found to be 10 ohms, and it should be 
noticed that this is lower than the lowest individual resistance in the circuit 
which is 20 ohms. This is characteristic of all parallel circuits. 

When the parallel circuit contains only two circuit elements, Eq. (4-14) 
may be expressed as, 


Rr 


n n 
n + n 


n = 


Rt 

T\ — Rt 


(4-14a) 

(4-14b) 


Power of the Parallel Circuit. Each of the resistors consumes power, 
and as all the power must come from the generator, the total power taken 
by the parallel circuit must be equal to the sum of the separate powers 
(note that this is the same as for the series circuit), or 

Pt = pi + p2 + pa (4-10) 


Energy of the Parallel Circuit. As electrical energy is transformed to 
heat energy at each resistor and as all the energy must be supplied hy the 
generator, the total energy of the parallel circuit must be equal to the sum 
of the separate amounts of energy (note that this is the same as for the 
series circuit), or 

W = eni + ena + ena (4-11) 

Characteristics of the Parallel Circuit. The characteristics of the parallel 
circuit may be summarized as follows: 

1. The line current is equal to the sum of the currents in the separate 
branches. 

2. The voltage across each branch is the same and is equal to the line 
voltage. 

3. The resistance of a parallel circuit is equal to the reciprocal of the 
sum of the reciprocals of each branch resistance. It is always less than 
the lowest branch resistance. 

4. The total power is equal to the sum of the powers of the separate 
branches. 

5. The total energy is equal to the sum of the energies of the separate 
branches. 
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Uses of the Parallel Circuit. Parallel circuits are used wherever a con¬ 
stant-voltage power-supply system is needed. House wiring is a good 
example of the use of this type of circuit. 

Power supplies are connected in parallel when a higher current is needed 
and the voltage is to remain constant. For example, two 110-volt genera¬ 
tors may be connected in parallel in order to obtain an increased current 
output (and consequently power) at 110 volts. Only one of them need be 
used if the current required is equal to or is less than the current rating of 
one of the generators. Storage batteries may be connected in parallel if 
the current rating is to be increased without an increase in voltage. When 
power supplies are connected in parallel, all terminals of similar polarity 
must be connected together. The voltage across the combination is the 
same as the voltage of an individual unit, and the current rating becomes 
equal to the sum of the individual current ratings. Parallel circuits are 
illustrated in Fig. 4-11. 



generafors connected ^ftl-ThreeG-volte slornge boitfen’es 

in parnllel connected in pnroillel 


Fj i;. 4-11.— Power .soiirrpM pf>nmu;tL*d in parallel. 

Disadvariiage of the Parallel Circuit. A disadvantage of the parallel 
circuit is that as additional appliances or loads are added to the circuit the 
line cuirent increases. If the increased amount raises the current above 
the safe carrying capacity of the wiring used, it becomes necessary to rewire 
the circuit with a larger size wire or to install additional feeder circuits. 

A dvantage of the Parallel Circuit. An advantage of the parallel circuit 
is that, if a break occurs in any one of the branch circuits {BG, CF, or DE 
in Fig. 4-9 or 4-10), it will have no effect on the other circuits. In house 
wiring, the use of parallel circuits makes it possible to switch any light or 
appliance on or off without affecting the other lights and appliances. 

Solution of Parallel-circuit Problems. Using the rules for parallel cir¬ 
cuits as outlined and the fundamental principles of Ohm’s law, it is possible 
to solve any problem involving parallel circuits. This can best be illus¬ 
trated by the following example. 

Example 4-8. A 10-, a 15-, and a 30-ohm resistor are connected in parallel across 
a 110-volt line, (a) What is the resistance of the circuit? (b) If the circuit is 
used for 10 hours, how much energy is consumed by each resistor? (c) What is the 
total amount of energy consumed? 
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Given: Find: 

Et = 110 volts ii^ _ p 

Tx = 10 ohms eni = ? 

T 2 = 15 ohms eii 2 = ? 

fa = 30 ohms = p 

7" = 10 hr Wt = ? 

The circuit diagram for this problem would be as shown in Fig. 4-12. 

Ej,=IIOvolfs <ri= = 

■! |/Q/l </Syi >JOyi 

—i-1_1_J 


Fig. 4-12. 


Solution: 

From the rules for parallel circuits, 


(a) 


1 1 1 

-1-1- 

ri n rs 


1 

L X 

10 15 



J_ 

30 


30 

0 


-- 5 ohms 


(b) ix = Et Ti = 110 10 = 11 amp 

12 = Et rz = 110 15 = 7.33 amp 

U = Et ^ Ti = 110 -j- 30 = 3.67 amp 
It = ii + i-i + ii = 11 + 7.33 + 3.67 = 22 amp 
Checking the answer: 


, Et 110 

It = — = - = 22 amp 

Rt 5 

Pi = Et X ix = 110 X 11 = 1210 watts 


Pi = Et X ii = 110 X 7.33 = 806.3 watts 

= Et X = 110 X 3.67 = 403.7 watts 

Pt = Pi pi + = 1210 + 806.3 + 403.7 = 2420 watts 

Checking the total power: 

Rt ^ Et X It ~ HO X 22 = 2420 watts 
nni = Pi X T = 1210 X 10 = 12,100 w^att-hours, or 12.1 kwh 
en 2 = p 2 X T = 806.3 X 10 = 8063 watt-hours, or 8.063 kwh 

ena = pz X T = 403.7 X 10 = 4037 watt-hours, or 4.037 kwh 


(c) Wt = eni + eiia + eno = 12.1 + 8.063 + 4.037 = 24.2 kwh 

Checking this answer: 

Wt = Pt X T = 2420 X 10 = 24,200 watt-hours, or 24.2 kwh 


4-10. Simple Combination Circuits. Whon a cirnuit contains both 
series and parallel circuits, it is a combination circuit. Combination cir¬ 
cuits may be connected in series-parallel or parallel-series. 
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The Series-parallel Circuit. When groups of parallel circuits are con¬ 
nected in series, it is called a series-parallel circuit. In Fig. 4-13, the current 
leaves the generator at A and returns at G. The current divides at point 
C and joins at D, dividing and joining a second time at points E and F as 
indicated by the arrows. 

Expressed mathematically, 

Jt = {i\ + ii) = ^i^ + i\ + i^ (4-15) 

Close observation of Fig. 4-13 will show that this circuit is fundamen¬ 
tally a series circuit; therefore the voltage drops should equal the line 
voltage, or 

Ea = Cl + 62 + es (4-16) 


-^^^-AAAAAr-i r-^j^-"W\AA/” 

I I I HtpVAAMArJ I 1 L(^)-VWW-l 1 

I 11-^^ I I I 

k-©-*! K—-(g)-—>1 k--0— 


0 ^ 


Fig. 4-13.—A Bcrics-parallel riicuit. 


Solution of Series-parallel Circuits. To solve series-parallel circuits, 
each group of parallel resistance values are first combined into an equiva¬ 
lent single resistance value by using the reciprocal method. The whole is 
then treated as a series circuit. 

Examph 4-D. Find the voltage and current of each resistor in the circuit of 
Fig. 4-14. 

Given: 



Fig. 4-14. 
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Solution: 


RdR-i 


RgR2 


1 ^ 1 _ W 

2 l”j_ J_~2 
r2 Tz 40 40 


20 ohni5 


_1__1_ 40 

iT 

U n ^ n 40 20 40 


10 ohms 


Figure 4-14 then becomes a simple series circuit as illustrated in Fig. 4-15. 

-^sw-y RqR‘2 

I >AAAAA^— WWW —WWW—I 

j ZG/1 /C?yi 



Fiu. 4-15. 

Rt — t i R{}jt.\ -j- Rgr -2 — 20 - 1 “ 20 -j- 10 = 50 ohms 

It = Eg -i- Rt = 100 50 = 2 amp 

Cl = /t X ri = 2 X 20 = 40 volts 
Bi = It X Ror.i = 2 X 20 = 40 volts 
63 = /t X i 2 t 7 fi .2 ^ 2 X 10 = 20 volts 

Checking: 

Ea = 6 ] + 62 "1“ Ca = 40 “h 40 -|- 20 = 100 volts 

11 — It — 2 amp 

1 2 = Eqr.i 4- r 2 = 40 4- 40 = 1 amp 

la = Eau \ 4- rs = 40 4- 40 = 1 amp 

loR-i = i 2 “h “is = 1 “h 1 = 2 amp 

i 4 = Eqr.i 4- r 4 = 20 4- 40 = 0.5 amp 

i6 = Eqr.z 4- rj = 20 4- 20 = 1.0 amp 

iB = EgR .2 4- r# = 20 4- 40 = 0.5 amp 

Iqr -2 = U + n + ii = 0.5 -|- 1 0 -f 0.5 = 2 amp 

The voltage across each resistance, each parallel group of resistances, and across 
the entire circuit is now known. The value of the current flowing in each resistance, 
in each group of resistances, and in the entire circuit is also known. If the power 
used by the entire circuit or any part of it is desired, it can easily be obtained by 
using the power formula. 

The Parallel-series Circuit. When groups of series circuits are con¬ 
nected in parallel, it is called a parallel-series circuit. Such a circuit is 
shown in Fig. 4-16. The current leaves the generator at A and returns at 
II. It divides into three paths, BGy CFy and DE. The directions of the 
currents are shown by the arrows. 

It= h+h+ h ( 4 - 17 ) 

As each group is a series circuit, the sum of the voltage drops in each 
group should equal the line voltage. 
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E 9 — Eqr.i — EgR.2 — Eqr-Z ( 4 - 18 ) 

Solution of Parallel-series Circuits. To solve parallel-series cireuits, 
each group of series resistance values is first solved for its equivalent single 



resistance by adding all resistances in that group. The whole is then 
treated as a parallel circuit. 

Exani'ple 4-10. P'ind the total resistance of each branch, the total resistance of 
the circuit, the current in each resistor, and the voltage across each resistor of the 
circuit shown in Fig. 4-17. 


Solution: 



RqR’I — 10 -|- 40 -|- 30 = 80 ohms 
RqR ’2 ~ 60 “1“ 20 = 80 ohnas 
Ror -'3 — 30 -f- 50 = 80 ohms 

The circuit of Fig. 4-17 can now be simplified and becomes a simple parallel 
circuit as shown in Fig 4-18. 



Fiq. 4-18. 
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Rj — 


80 


—— + - — + 

Ror.I RgR-2 R 


]_ 

[7A-a 


It = 


Eg 


100 

26.66 


= 3.75 amp 


IoR--i = 
Checking: 


EgR.x 

100 

1.25 


Eqr.i 

80 

amp 

Eor.2 

100 

1.25 


12 (7ft .2 

80 

amp 

EgR.^ 

100 

1.25 


R (7ft ..T 

80 

amp 


80 80 ^ 


Y = ~ = 26.66 ohma 


= /r7rt-i + + Igr-s = 1.25 -1- 1-25 -|- 1.25 -- 3.75 amp 

Cl = Itiii-i X ri = 1.25 X 10 = 12.5 volts 

C2 = lait-i X 7’2 = 1.25 X 40 = 50 volts 

ca = /(7ft .1 X ra = 1.25 X 30 = 37.5 volts 


Checking: 


Eqh.i = Cl + 62 -H 63 = 12.5 -h 50 -h 37.5 = 100 volts 
64 = I an -2 X ?"4 = 1.25 X 60 = 75 volts 
Cb = /f;ft.2 X Tf, = 1.25 X 20 = 25 volts 

Checking: 

Eaji ’2 = 64 -|- 65 ~ 75 -|“ 25 = 100 volts 
Bb = /(/ft-3 X Tb = 1.25 X 30 = 37.5 volts 


C7 = /(7ft-3 X Tt = 1.25 X 50 = 62.5 volts 


Checking: 


EaR ‘3 = cb -|- 67 — 37.5 -j- 62.5 — 100 volts 


If tho power used by any part of the circuit or by the entire circuit is 
desired, it can easily be obtained by using the power formulas. 

Advantcu/es of Combination Circuits. Combination circuits combine the 
advantages of both series and parallel circuits and minimize their disad¬ 
vantages. Generally, less copper is required and a smaller size wire can 
be used. Also, if one resistor should burn out and thereby cause an open 
circuit, it may affect only one or two branch circuits or it may affect the 
entire circuit depending upon the kind of circuit and the location of the 
faulty resistor. 
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Uses of Combination Circuits. Combination circuits are used whenever 
various types of circuits must be fed from the same power supply. In an 
automobile the starting, lighting, and ignition circuits are all individual 
circuits joined to make a combination circuit drawing its power from one 
battery. 

Radio and television receivers crmtain a number of separate circuits 
such as the tuning circuits, r-f amplifiers, oscillator, detector, a-f amplifier, 
and synchronizing and picture-tube circuits. Individually they may be 
simple series or parallel cinaiits or complex combination circuits. When a 
receiver is considered as a whole, the result is a complicated combination 
circuit. In solving radio and television circuit problems, each circuit is 
solved separately and then combined to obtain the final result. 

Power supplies are connecled in series to get a higher voltage and con¬ 
nected in parallel to obtain a higher current. Rows of series-connected 
battery cells may be so connected that the rows themselves are grouped in 
parallel to form a parallel-series arrangement as shown in Fig. 4-19. 


I ‘ 4 4 

I'lL!. 4-19.-- rarallel-serics grouping of Imt- 
ti'ry eells. 



KiiJ. 4-20.-.Sprips-parallcl grouping of battery 

cells. 


Rows of parallel-connected battery cells may Vie so connected that the 
rows themselves are grouped in series to form a series-parallel arrangement 
as shown in Fig. 4-20. 

4-11. More Advanced Combination Circuits. Many combination cir¬ 
cuits are neither simple series-parallel nor parallel-series circuits. The 
resistances comliine to form complicated combination circuits. 

To solve such circuits, it is necessary to perform the folhnving steps in 
the order listed: 

1. Combine the resistance values in each group to obtain one single 
equivalent resistance value for each section. 

2. Combine the resistance values of all sections to obtain one single 
equivalent resistance value for the line. 

3. Solve for the line current. 

4. Find the current flowing in each resistor. 

5. Find the voltage across each resistor. 



Art. 4-11] 


ELECTRIC CIRCUITS 


143 


In the solution of some circuits, steps 4 and 5 may have to be inter- 
changed. 

Example 4-11. Find the current distribution and the voltage drop across each 
resistor in the circuit shown in Fig. 4-21. 

/OOji ZOj) 



1000 

Ko *.2 = 500 -h 700 = 1200 ohms 


„ 1 1 1200 

rrjec.i =* —- - — = - - — = —^ = 400 ohms 

^ORi ^aK-2 hOO 1200 

Ror.3 = 400 + 800 = 1200 ohms 

^ 1 1 1200 

= -- - - = —-- = 400 ohms 

11 1 1 u 

^H . 3 «io 

Ror * = 100 + 20 = 120 ohms 

_ 1 600 ^ 

= —-::- = — = 60 ohms 

1 1 1 10 

100 200 ^ 

D 1 1 120 ^ 

«Sec.3 * —j— = -j- — = = 40 ohms 

Roha^ RoN-i 120 "*"60 

By substitution of values found for sections 1, 2, and 3 the equivalent circuit 
may now be drawn as shown in Fig. 4-22. 
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20n 40ji 



Close observation of Fig. 4-22 will show that this eircuit is now a simple parallel- 
series circuit having two groups of series resistors connceteil in parallel. 

RhH’A — Rsecv ~1“ Riitc- 2 . — 400 + 400 = 800 ohms 
RgR'U ~ R‘i^ "h -KflBc-a “h Rm — 20 -j- 40 4- 60 = 120 ohms 


Rt = 

It^ 
loRA = 


1 


2400 


1 _ 1 

RaR-A Rqrh 


J_ 

800 120 


3+_20 23 

2400 


= 104.3 ohms 


= 2.30 amp 


Et _ 2^ 

Rt ~ 104.3 

Et 240 ^ 

—- = :— = 0.300 amp 

Rqra 800 


Et 


Rq 


2m 

120 ' 


2.00 amp 


It — I or-A 4“ Igr-b — 0.300 4" 2.00 = 2.30 amp 
Estc-\ — Igr-a X Rsec-i ~ 0.300 X 400 = 120 volts 
Eseci = Igr.a X Rstc .2 = 0.300 X 400 = 120 volts 
E{]R.a = Esec-l 4" -fi'flec .2 = 120 4“ 120 = 240 volts 
-^20 — IGR'B X R 29 = 2 X 20 = 40 volts 
Esec-i = Iqr-b X Rate-^ = 2 X 40 = 80 volts 
E = IOR^B X .Rdo = 2 X 60 — 120 volts 
Eqr.b = -^20 4“ l^iSec -3 4“ -^^60 = 40 4~ 80 4“ 120 = 240 volts 


lOfi.2 = 


Rgr-^. 

Esi 


120 

1200 


= 0.10 amp 


c/jpc.i 120 ^ _ 

i-iDOD “ “z- ~ ~ U.12 amp 

iJlDOD 1000 ^ 


Ese.c-\ 


120 

1500 


= 0.080 amp 


latz-\ = 4" iiBOD 4" ^isoD = 0.10 4" 0.12 4“ O.OSO = 0.300 amp 

-^ 601 ) — 'i‘UR -2 X /^BDD — 0.10 X 500 = 50 volts 

■®700 — '^GR '2 X 1^700 = 0.10 X 700 = 70 volts 

-^sec-i “ ■£'bdo 4“ E^^^ = 50 4“ 70 = 120 volts 
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lOB-3 = 

^Sec-2 ' 
-£^400 
^BOD ■ 
Esec^l ■ 


i^BDD 600 

Esec-2 120 
■fioje-3 1200 

' inoD + I'fjR-a = 

= X 7^400 

' 'i'GR-3 X i^BOO 

■ ^400 + ^800 = 


= 0.200 amp 


= 0.100 amp 


0.200 + 0.100 = 0.300 amp 
= 0.100 X 400 = 40 volts 
= 0.100 X 800 = 80 volts 
40 + 80 = 120 volts 



Eser.-3 

80 

= 0.667 amp 

ioR t 

Rgr.a 

120 ' 


Escc-3 

80 

1.333 amp 

ioRh 

Rgr h 

60 ~ 

Isec-3 

= iaR-A + 

i r?R ■ 8 

= 0.667 -h 1 

RlOO 

= iuR-A X 

Rino = 

= 0.607 X 100 

.£^2n 

= iuR-A X 

R 20 = 

0.667 X 20 = 


= 0.800 amp 


Estc-i = .^iDQ X A’au = 66.7 -|- 13.3 = 80 volts 
_ Esec-?i _ 80 

^ "Him ~ Im 

ESec- 7i _ ^0 

^ m 


1200 = 


lOOO = 

iGRi 


R 20 O 
Escc-3 80 

72boo 600 

I'loo + I200 + 


= 0.400 amp 


= 0.133 amp 

icoo =0.800 -1- 0.400 + 0.133 = 1.333 amp 


By solving each circuit separately and combining them whenever neces¬ 
sary, the (;urrent flowing through each resistor and the voltage drop across 
it have been obtained. Any circuit, no matter how complicated, can be 
solved in a similar manner. 

4-12. Rheostats and Potentiometers. Rheostats. A rheostat has been 
defined as a variable resistor constructed so that the value of its resistance 
may be varied by means of a sliding contact arm. Rheostats arc generally 
used to control the amount of current flowing in the load to which it is 
connected. Two types of circuits illustrating the use of rheostats are 
shown in Fig. 4-23. 

Figure 4-23a shows a rheostat connected in series with the load. When 
the sliding contact arm B is moved toward Aj the amount of resistance 
through which the current must flow, that is, section AR, is reduced and 
the voltage available at the load is increased, which in turn causes a greater 
amount of current to flow through the load. When the sliding contact 
arm is moved toward Cj the resistance of section AB is increased, the volt¬ 
age available at the load is decreased, and the load current is thereby 
decreased. 
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Figure 4-23b shows a circuit with a rheostat connected in parallel with 
the load and the power obtained between the terminals of an antenna and 
ground. When current from the antenna reaches (7, it has two paths 
through which it may flow. The proportion of the current that will flow 
in either path depends upon the relative amounts of resistance offered by 
each path. When the sliding contact arm is moved toward A, the resist¬ 
ance in the path BC is increased, thereby causing a greater proportion of 
the current to flow through the load. When the contact arm is moved 
toward C, the resistance in section BC is decreased and it will take a greater 
portion of the current, thereby reducing the current flowing through the 
load. 


--f- 

Source of 
voltage 


A Rheosfai C 
-VWWWWWWSr^ 


.t 


*Locid 


(a) 



(b) 


Fid. 4-23.—Circuits illustrating uses of rheostats: (a) rheostat in scries with a load, (b) rheo- 
.stat in parallel with a load. 


It should be observed that in the series circuit the load current is in¬ 
creased by decreasing the amount of rheostat resistance being used, while 
in the parallel circuit the current flowing through the load is increased by 
increasing the amount of rheostat resistance being used. It should also be 
noticed that only two of the three terminals (marked ABC on the diagram) 
are used and that current flows through only that part of the resistance 
actually between the sliding contact arm and that end of the resistor being 
used as a terminal. Use of terminals A and B in the series circuit of Fig. 
4-23a and terminals B and C in the parallel circuit of Fig. 4-23b results in 

obtaining an increase in current flow¬ 
ing through the load by rotating the 
sliding contact arm of the rheostat in 
a clockwise direction, see Fig. 4-26. 

Potentiometers. A potentiometer 
may be defined as a variable resistor 
connected so that it may be used for 
subdividing a voltage. Figure 4-24 
shows how a potentiometer is con¬ 
nected to the line and the load. 


C 



S3 

A 


Fid. 4-24.—Circuit illustrating the use of 
a potentiometBr. 
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The points A and C of the potentiometer are connected to the line, and 
the load terminals are connected to the sliding contact arm and to terminal 
C. By varying the position of the sliding contact arm, it is possible to 
obtain any voltage from zero to full line voltage at the load. The voltage 
across the load will be equal to the voltage across section BC because they 
are connected in parallel with each other. The amount of voltage across 
BC, and hence across the load, will depend upon the resistance between 
BC and the current flowing through BC. It may be expressed as 

■fc'loiid = EbC = /fi C X BbC (4-19) 

When the sliding contact arm is moved toward A , the amount of rt distance 
between B and C is increased and the voltage supplied to the load is in¬ 
creased. When the arm is moved toward C, the resistance of section BC 
is decreased and the voltage supplied to the load is decreased. 

The current flowing through section AB will be equal l o the sum of the 
currents flowing through section BC and the load. Thv^ may be expressed 
mathematically as 

iAB = IbC ~\~ /loud (4-20) 

When selecting a potentiometer, bo sure it is large enough to carry the 
current drawn by the load plus the amount drawn by the potentiometer 
itself. As the power consumed by a potentiometer is all lost, its current 
should be kept at a minimum. This can be accomplished by increasing 
the resistance between A and C to a very high value in order to keep the 
current in BC at a minimum. 

Uses of Rheostats and Potentiometers. Rheostats and potentiometers 
are used to control various types of circuits used in radio such as volume, 
tone, antenna, plate voltage, and audio. As the amount of current flowing 
in these circuits is very small, carbon resistors can be used (see Fig. 4-25). 

When higher currents are required, metallic or wire-wound resistors are 
used (see Fig. 4-26). An objection to metallic resistors is that noisy opera¬ 
tion of the receiver may result when the contact arm moves from one turn 
of wire to another. This occurs w^hen there is an appreciable amount of 
voltage drop between adjacent turns of wire. Carbon controls do not 
present such conditions, as the resistance change progresses smoothly and 
not in steps as in the wire-wound controls. 

Taper. Rheostats and potentiometers used for control circuits may 
vary in direct ratio, or they may taper. In a direct ratio potentiometer, 
the resistance value varies directly with the degree of rotation. That is, 
at quarter rotation the resistance value is one-quarter of the total resistance, 
and similarly at half rotation it is one-half of the total resistance. When 
a potentiometer is tapered, the resistance does not vary directly with the 



148 


ESSENTIALS OF ELECTRICITY 


[Art. 4-12 


rotation. The potentiometer shown in Fig. 4-25 ha.s a total resistance of 
5(X),0()0 ohms. At half rotation tho resistanco is only 50,000 ohms, and at 
quartrr rotation it will hr loss than 25,000 ohms as tin* rrsistanrr is taport*il 
and not uniform hrtwrrn tin* oft position and tin* mid-point. Tn a sim¬ 
ilar mannrr, tht* rrsistanrc* at thirr-quartcrs iiitation vv'^oiild iH)t h(M*qual 
to oiir-half of 450,tK)0 plus 50,000 (or 275,000), hrrausp the resistanee 
between the mid-point and the on position is not uniform but is tapered. 



Toia!restshinee 50Q000 ohms 

I’lii 4-25 .V carbtm-tMiL* 
a U'ft-haiid tupoi 


r 



ABC 


Fii. 4-2fi A iMi pr)t['utu)inL‘ti‘i 

witli a li'ft-hiiiifl t'lppr 


It is necessary to ta])pr the resistance of a coiitrt)! in order to obtain 
an apparent uniform control of the signal When the control is turned 
to the halfway position, it is generally expected that the signal volume 
will be one-half that obtained at the full or on position of the contrid. 
In order to double a given volume of sound, an increase of approximately 
10 times the original intensity is required. At one-half full volume, only 
one-tenth of the full volume voltage is required, and therefore one-tenth 
of the total resistance is all that is needed. 

Potentiometers have either left-hand or right-hand tapers, depending 
on which side is tapered out. In Figs. 4-25 and 4-20, the left hand of 
the control is tapered out; therefore each is a left-hand taper. 

Comparison of Wirv-wowid and Carh(yn Controls. Wire-wound and 
carbon controls have a number of advantages and disadvantages which, 
for purposes of comparison, are listed below. The choice of a control 
will depend on the use to which it is to be put. 
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Advantages 

Wire-wound Carbon 

1. Absolute accuracy of the resist- 1. Ease of obtaining taper 
ance value 

2. High current-carrying ability 2. Silent operation 

3. Low resistance values easily ob- 3. High resistance values easily ob¬ 
tained ohm) tained (two or more megohms) 

Disadvantages 

1. More difficult to obtain a taper 1. Resistance will vary Avilh heat, 

humidity, wear, etc. 

2. Noisy operation 2. Low current-carrying ability 

3. Limited high resistance value 3. Limited low resistance' value ob- 
that can be obtained (150,000 tainable (500 ohms) 

ohms) 

4- 13. The Voltage Divider. By using the principle of the potentiom¬ 
eter, a high resistance may be connected across a power supply and a 
number of loads requiring different amounts of voltage can be connected 
to a series of taps along the body of the resistor. The voltage between 
any two points will be equal to th(5 product of the current flowing through 
that part of the resistor and the value of the resistance between the two 
points (sec Fig. 4-27). A resistor used in this manner is called a voltage 
divider. 

Voltage dividers are used to divide the voltage of the power supply 
into such values of potential as are required by the various parts of the 
circuit. Voltage dividers also act as a safety load to protect the capaci¬ 
tors from having too high a voltage placed across their terminals. In 
order to obtain a uniform voltage output, the power supply should be 
worked as near as possible to the rated power output of its transformer. 
This can be controlled by the amount of current drawn by the voltage 
divider which is known as the bleeder current. 

The calculation of the correct resistance values and the power rating 
of the voltage divider may be accomplished by the use of Ohm’s law. 
The following procedure should be observed: 

1. Determine the voltage required at each tap and the current to be 
drawn from it. 

2. Determine the amount of bleeder current desired. This is the 
difference between the total current required by the tubes and the current 
necessary to operate the power supply at 90 per cent of its rated value. 

3. Determine the current flow in each section of the divider. 

4. Calculate the resistance of one section at a time by Ohm’s law. 

5- Determine the power rating of the voltage divider. 
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The power rating of tlie voltage divider may be calculated by the 
equation 

p = LJl (4-21) 

10 “ 

where P = power, watts 

/ = current, milliamperes (the higViesl value ol current in any 
sect ion) 

P = total resi,stanc(‘ t)i' the voltage tlivider 
4-14. Use of Exponents in Calculations. When circuit or problem 
calculations involvt^ the use of vcay largr* or very small numbers, the 
nu^thod of f‘\pressing these iiumliers and performing arithmetic ojjera- 
tions can be simplified by the use of exi)onents. This is really a short¬ 
hand method of mathemaljcs. 

("alcidatioris involving the powra- when the curitait is in milliamperes 
as in (1-21) may be f)erform(Ml more easily by this method. The 
following table shows a list of iiumlaM's and the eori'espondiiig representa¬ 
tions by the e.xponent method. 


Tahle IV I 


N uriihnr' 

iCxpdriPiil incIlMirl 

Number j 

Exponent mctlioil 

1(X),(XM),(KK) 

10" 

1 

10“ 

10,(X)0.0(X) 

10’ 

0.1 = Vu 

10-* 

l,0fK),0()O 

lO'- 

0.01 = ,lo 

10-* 

1(X),000 

10“ 

0.001 = n/on 

10-3 

10,000 

]{)* 

O.OOOl 

10-^ 

1,0(X) 

103 

0.00001 

lo-*^ 

100 

10* 

O.OCXIOOI 

10-“ 

10 

10* 

0.0000001 

10“’ 

1 

10" 

0.00000001 

10-“ 


Thi‘ following examples illustrate the use of the exponent method of 
expressing common numlx^rs: 

1. 5 ma = 0.(.K15 amp = 5 X timp 

2. 25 ^lll =: 0.tKXX)25 amp = 25 X H)^ amp 

3. 3.0 nir = 3,t)00,0(X) cyi-lps = 3 !) X lO'* pvl^cs 

4. 8,500,IXX1 = 8.5 X UY' 

5. 0.(X)35 = 3.5 X 10-3 

fi. 0.28 X 10'^ = 0,280,(XX),(XX),(XX),n(X)XMX) 

Note: This is tlu’ mimhpr nf clortrons (•Drrpspjniiliiig U» diip ami)erp (Art. 2-12). 

Numbers that have similar exponent charactiaistics may be added or 
substracted as indicated by the following illustrations. 

7. (4.5 X liY) -h (8.25 X liY) -h (0.25 X 10«) = 13 X 10« 

8. (8.5 X 103) _ (3 5 X 103) = 5 X 103 




Abt. 4-151 


ELECTRIC CIRCUITS 


151 


When numbers are multiplied, the exponents are added. The ex¬ 
ponents df) not have to be the same. 

1). 650,000 X 3000 = (6.5 X 1(^) X (3 X W) = 19.5 X 10^ 

10. 2,500,000 X 0.005 = (2.5 X JO') X (5 X 10-^) = 12.5 X 10-' 

11. 0.015 X 0.0006 = (1.5 X lO'^) X (6 X 10-*) = 9 X 10^ 

When numbers are divided, the exponents are subtracted. The ex¬ 
ponents df) not have to l)e the same. 

12. 750,000 150 = (7.5 X 10') -- (1.5 X 10^) = 5 X 10' 

13. 2,500 -e 50,000 = (25 X lO^) -- (5 X 10*) = 5 X 10“= 

14. 5,000 0.025 = (5 X 10\) ^ (2.5 X lO”") = 2 X J(K* 

4-16. Calculation of a Typical Voltage Divider. I^'lie pro(;(alure to be 
followed in calculating); the resistance and powta' valiuvs of a vt)lta^e divirler 
was suggested in Art. 4-13. Fn order better to understaiul the procedure 
to be ft)llow('d, a typitail voltage' divider will now be cahuilateil. 

Eiiniplc 1-12. DoU'imiiu' Ihn resistaiicr ami I'ower values of a vnltage divider 
for a small siiperlicterDdynt^ receive*!- th.it. employs a 6 AS f)S(*ill;Lt,nr-mixer lulee, a 
GtSK7 i-f amplifier Uilu^, a ()HCj57 rlet eidor tvibe, and a 0F(i power tube in the output 
stage. 

Figure 4-27 represents tla^ voltage' divider to be used with this receiver. 
All values given in the table l)elow were obtained from a tube manual. 
44iis, however, does nu( mean tliat these are the oidy values that can be 
used. The design of the l ect'iviu’ itself will determine the proper voltages 
at which each tubt' should l>e operated in a particular receiver. 


Tablf> IV II. Data for Tubes in lOxAMria: 4-12. 
(From a tubn manual) 


Tube 

I 6AS 

6SK7 

tnSQ7 

f)F6 

Ep 

1 250 

250 

250 

250 

Es (1 

100 

100 

... 

250 

Eo 

-3.0 , 

-3.0 

-2.0 

-16.5 

h 

i 7.5 

.9.2 

0.0 i 

34 

Isa 

2.7 1 

2.6 


6.5 


FolloAving the procedure suggested in Art. 4-13 for the solution of 
voltage-divider problems, the solution of Exiimple 4-12 becomes as follows: 

1. VoUaye and cyrrent at each tap. These valiujs are obtained from 
Table IV-It and may be shown best by means of a circuit diagram as 
illustrated by Fig. 4-27. 

The total voltage required from the power supply will be equal to the 
sum of the highest amount of plate voltage and the highest amount of 
grid voltage. This is equal to 250 + 16.5 = 266.5 volts. 
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The total current required at the 250-volt tap will be the sum of all 
the plate currents and the screen-grid current of the OFG tube, or 7.5 + 
9.2 + 0.9 + 34 + 0.5 = 58.1 milliamperes. 

The total current required ai, the 100-volt tap will be the sum of the 
screen-grid currents of the 0A8 and the 0SK7 tubes, or 2.7 + 2.6 = 5.3 
milliamperes. 

The current required at the negative taps, that is, for the control 
grids, is so small that it is ignored. 

The total current required by the tubes = 58.1 + 5.3 = 63.4 milli¬ 
amperes. 


58.1 ma A Jo power suppry _ . 

-^ T - 1 -O + 


1 



\-t250vo/fs 

: 90ma 

1 



Section-1 

\3I.9ma 

1 

1 

1 

1 


— 

S.Ima ^ 

> 

-t 100 votfs 

1 

1 

1 

1 

1 



Section-2 

\ 26.6ma 

f 

1 

1 

1 



63.4 ma 

F III 

1 

1 




t |l' 

> 

266.5volts 



Sections 

> ^Oma 

\ 

1 


1 

~2voffs 

votfs 

1 

1 

6r/ol bias 

Secfion-4 

1 90 w a 

1 

1 

) 

vo/fages. ^ 

-3 votfs 

i-J votfs 

1 

1 

no current 


L 


drawn 

Section-5 

P 90 ma 

1 

1 

1 


1 

-(6-5 volts 


\ 9(?ma 


D^ld.Svolh from power supply 
Fig. 4-27. 


2. 77ic amount of bleeder currcfU required. If a transformer rated at 
100 milliamperes is \ised in the power supply, it must have a load of 90 
milliamperes if it is to lie operated at 90 per cent of its rated load. The 
bleeder current must thi'refore be 90 —03.4 = 2(i.6 milliamperes. 

3. Current in each flection of ike voltage divider. From the values estab¬ 
lished in steps 1 and 2, and by carefully analyzing the circuit of the volt¬ 
age divider, it should now be possible to determine the amount of current 
that will flow in each seidion of the voltage divider. Such an analysis 
reveals that sections 5, 4, and 3, namely the path from D to C, must carry 
the bleeder current and the current for all the plates and screen grids of 
the various tubes; this is a total of 90 milliamperes as is indicated on Fig. 
4-27. At point C the current divides into two paths, with 63.4 milli¬ 
amperes taking the path through the plates and screen grids of the various 
tubes and the bleeder current of 26.6 milliamperes flowing through section 
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2 of the voltage divider. At point B the 5.3 milliamperes from the screen 
grids of two tubes joins with the 2C.6 milliamperes of section 2 of the 
voltage divider, and as a result their sum, or 31.1) milliamperes, must 
flow through section 1 of the voltage divider. At point A the 58.1 milli¬ 
amperes from the plates and one screen grid unite with the 31.9 milli¬ 
amperes from section 2, which corresponds to the total of 90 milliamperes 
that is being furnished by the power supply. 

4. Resistance of each section of the voltage divider. 


Resistance of section 1 = — = 

ii 31.9 X 10-« 

Resistance of section 2 = -- = 

2G.G X 10-3 

Resistance of section 3 = = . ... 

ta 90 X 10-3 

Resistance of section 4 = ^ = —?— 

Ia 90 X 10-3 

Resistance of section 5 = 

Zb 90 X 10”3 

Total resistance of all sections 


= 4700 ohms 
= 37G0 ohms 
= 22 ohms 

= 11 ohms 

= 150 ohms 
= 8G43 ohms 


5. The power rating of the voltage divider. Assuming that the divider 
is to have a uniform power rating, it is necessary to use tjje highest cur¬ 
rent in determining the power rating. Therefore 


Power rating = 


l^R 

10 « 


90 X 90 X 8643 
~ 10 « 


= 70 watts 


Close examination of the voltage divider will show that it really con¬ 
sists of a number of resistances connected in series. Therefore, five sep¬ 
arate resistors could be connected in series for the divider in Example 
4-12, and the power rating of each would be equal to the product of its 
resistance and the square of the current flowing through it. For example, 


Power of resistor 1 = 31.9 X 31,9 X 4700 X 10-» = 4.78 watts 

Power of resistor 2 = 20.6 X 2G.G X 3760 X lO"® = 2.G6 watts 

Power of resistor 3 = 90 X 90 X 22 X lO"® = 0.179 watt 

Power of resistor 4 = 90 X 90 X 11 X lO ® = 0.089 watt 

Power of resistor 5 = 90 X 90 X 150 X 10“® = 1.215 watts 


Total power lost in the voltage divider 


= 8.923 watts 


As the voltage divider is usually mounted under the chassis of most 
radio receivers and therefore does not have much ventilation, it is recom- 
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mendod that its power rating be approximately dovd^le that of the load 
it is to carry. Thus thti voltage divider of Example 4-12 should be rated 
at 140 watts if it is desigruMl on the assumption that the maximum cur¬ 
rent flows through the entire unit. If it is made of five individual sec¬ 
tions each designed for the current actually flouing through it, the power 
rating shovdd be approximately 20 watts. As the five-section divider 
has a much lower power rat ing, it is less expensive. 

The voltage dividra* of Example 4-12 is designed to supply all the plate 
and scrcen-gjid voltages (generally called th(‘ 15 voltages) and all the 
negative', or gr-id-bias, vr)ltagi\s (geiiraally called the C voltages) of the 
receivta-. Many ratlio and tedevision receivers ol)tain their C voltages 
from sources other than tlie voltagt' divid(‘r and tliert'by (‘liminate the 
grid-bias voltage sf'ction of th(‘ voltag(‘ dividi't sliown as st'ction CD in 
Fig. 4-27. In such eases the negative tt'iminal of the power supply, 
the H— tca-minal of tlu^ voltag(^ divirler, and tlie ground are connected 
together. 

If one or mor(' sectitms j)f ;i voltage, ilivider l)reak down, it. is not. neces¬ 
sary to noplace th(^ ent iia' flivider. Ih'sistors of the c[)rrt‘ct. values may be 
subs! it.uti'd in phicf' of the defective sections after thtjy hav(' bei'ii dis¬ 
connected from the circuit. 
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QUESTIONS 

1. Wluit aro Hu* ossniitiiil parts of any olortrir riri-uil.? 

2 . E.xplain by use of the elcetrnn lhf*ory why the eleelric oirniit has to be a 
closcnl circuit. 

3. Whiit are the far tors that affect the resistance of an plectrieiil coiulucLor? 

4. For prarlical purposes, why can the change in resislanee due to variations in 
It'inperalure be disregariled? 

6. What is meant by a negative, iinsilive, and zero temi)eralure coefficient? 

6 . Name several inaleriiils tliat have (a) a relatively high temperature eoeflicieiit, 
(b) a relatively low temperature coeilieient. 
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7. Whfit is th 0 iiiiithRiiijiticfil relatiDn bBiwpeii the fiiptors, nt,hpr thiiii tninperii- 
iure, affpptiiig the resist aiire of m pniiiiuctf)"? 

B. What is the relation between a mil, square mil, eireular mil, inch, square inch? 

9. (or) How is the (liaineter nf a wire usually expresseil? (b) How is the cross 
section of a wire usually cxpresscLi? 

10. What is meant by specific resistance? 

11. How is the size of a wire designateii? 

12. (a) What is meant by conductance? (^6) What is ils unit of measurement? 

13. What is tlie diflereiice between a conductor and an insulator? 

14,. What factors determine the material to be used (rz) as a conductor? (&) As 
an insulator? 

15. What is the difterenre liid.ween the dielectric sirength of a material and its 
breakdown voltage? 

16. Xaine live conductors used in railio, television, and electronie, .ipparzitus, 
and ex})lain where and wh>' they are used. 

17. Name five insulators used in radio, television, and eleciroiiic apparatus, and 
explain whi're and why they are usial. 

IB. Name five metals used in making alloys to bi^ used as resistors. 

19. Wdiat material is used lo obtain high resistances? 

20. (rz.) Wdiat are thi^ advantages and disailvanlages of a ,^ixod metallic resistor? 
ib) Of a fix(!d carbon resistor? 

21. I'kxplain what is meant by the following terms iiserl in conjunction with a 
r(‘sistor: fixed, variaide, .adjustable, tapped, aulomalic resistance cr)iitrol, rheostat. 

22. Wdiat is meant by .a low power resistor? 

23. W'hat is meant by a high-pcjwcr ri'sislor? 

24. Whal are tlie four ways of connecting electrical ajipliances? 

25. What is meant by a series circuit? 

26. How are the currimt, voltagiy and resistance relatiMl in a series circuit (a) 
in any individual paid, of the circuit? (5) In the imtire circuit? 

27. W'hat ari' the atlvaiitages and ilisadvantagi's of series c.ireuits? 

28. Name .and explain three usixs of tlie series circuit. 

29. (a) Wdiy are power .sujiplie.s connected in series? (fz) Name an application 
of tlie series eoniieetion of iiower supidies. 

30. Why is it gootl practice continually to check the answers in solving circuit 
pndilems? 

31. Wliat is meant by a parallel circuit? 

■32. How are the current, vidt.-ige, and resislanc.e relateil in a [larallel circuit (a) 
in any individual pari of tin* circuit-' (b) In 1 he entire circuit? 

33. Wdiat are the advantages and disadvantages of parallel circuits? 

34. Name and exphain three uses of the parallel circuit. 

35. (rz) Wdiy arc. [lower siqiplies connected in parallel? (b) .Name an application 

of the p.'irallel connection of [lower supfilies. , 

36. (a) WMiat is me.aiit by fi combinalion circuit? (5) A series-i)ar;ilhd circuit? 
(f.:) A par.'ll lei-series circuit? 

37. (rz) Where are coniViiiiation cireuits used? (5) What arc tlieir advantages? 

38. What is the general procedure to be used in solving (ri) series-parallel cir¬ 
cuits? (b) Ihirallel-series circuits? (r) Complicated comfdiiatioii circuits? 

39. (a) What is meant by a rheo.stat? (5) A potentiometer? 

40. N ame and exjilain some of the uses of rlieo.st,ats and potentiometers. 

41. (rz) What is meant by taper? (5) Left-hand taper? (c) Right-hand taper? 

42. Why is it necessary to use resistances that are tapered? 
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43. What are the advantages and disadvantages of carbon controls? 

44. What are the advantages and disadvantages of wire-wound controls? 

46. What is the main purpose of the voltage divider? 

46. What other purposes does it perform? 

47. Where are voltage dividers generally used? 

48. How is the power rating of a voltage divider determined? 

40. Why must voltage dividers be wire-wound? 

60. If one section of a voltage divider goes bad, is it necessary to replace the 
entire divider? Explain. 

PROBLEMS 

1. What is the operating resistance of a | -megohm carbon resistor if its tempera¬ 
ture increases from 20”C when the set is not being used to 45°C when it is being 
operated? (7\ for carVion = —0.0003.) 

2 . What is the voltage droj) across the resistor in the above problem when 

20 pa is flowing through it (a) at 20“C? (/i) At 45°C? 

3. How many turns of No 2K copper wire are necessary to wind a coil having an 
average diameter of 2 in. anil a resistance of 88 ohms? 

4. What is the average diameter of a coil wound with No. 24 copper wire having 
150 turns and a resistance of 2.50 ohms? 

6. What is the resistance of a piece of aluminum wire 0.0126 in. in diameter and 
24 in.long? 

6. A 3(K)-, a 500-, and a 400-ohm resistor are connected to form a series circuit 
across a 240-volt line. Find (a) the total resistance of the circuit, (6) the current 
flowing through the circuit, (c) the voltage drop across each resistor, (d) the power 
taken by each resistor, (e) the power taken by the circuit. 

7. A 1500-, a 25(K)-, a 1000-, anrl a 5tKX)-t)hm resistor are connected in series across 
a 250-volt power supjily. Find [a) the total resistance of the circuit, (f>) the current 
flowing through the circuit, (r) the voltage drop across each resistor, (d) the power 
taken by each resistor, (c) the power taken Viy the circuit. 

8 . The current flow in a series circuit consisting of three resistances is 375 ma. 
The voltage ilrop across resistance A is 40 volts and across B 25 volts. If the voltage 
across the line is IIK) volts, iind (a) the voltage drop across resistance C, (5) the re¬ 
sistance of A , B, C, (n) the resistance of the entire circuit, (d) the power taken by each 
resistor, (c) the power taken by the circuit. 

9. A resistor is connected between the cathode of a radio tube and the negative 
terminal of the H power supply to jtrnduee a negative voltage (grid bias) on the grid 
of the tube. When the plate current, which also passes through the bias resistor, 
is 24 ma, what must be the value of the resistor in order to produce a grid bias of 12 
volts? 

10. A four-tube radio set has its heaters connected in series. The rated voltages 
are 25, 6.3, 6.3, and 142.6 volts, and they all draw 0.3 amp. (a) What value of re¬ 
sistance must be connected in series with these heaters in order to operate them di¬ 
rectly from a 110-volt line? (5) Ilow much power is consumed by the dropping re¬ 
sistor? 

11. A 30,000 ohm resistor is connected in series with a 250-volt B power supjjly 
ami the plate circuit of a radio tube. If the plate current i.s 2.5 ma, what is the 
voltage across (a) the plate circuit of the tube? (5) The resistor? 

12. What value of resistance must be connected in series with the heater of a 
1C6 tube rated at 2.0 volts and 0.12 amp, if it is to be operated from two 1.5-volt cells 
connected in series with each other? 
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13. Two 2A3 tubes have their hlaments ennnected in series with a 6.3-volt bat¬ 
tery and a filament resistor. If the filaments are rated at 2.5 volts and 2.5 amp, what 
is the value of the filament resistor? 

14. A five-tube radio reneiver uses the followng tubes: 12A8GT, 12K7GT, 12Q- 
7GT, 35L6GT, and 35Z4GT. The heaters of these tubes are connected in series and 
are rated at 12.6, 12.6, 12.6, 35, and 35 volts in the order listed. A 2.2-volt pilot light 
is connected in series with the heaters and the 110-volt line. What is the resistance 
of each of the heaters and the filament of the pilot light in order that they draw their 
rated current? The 35Z4GT rectifier heater is rated at 0.15 amp. 

16. A voltmeter reading its maximum 
rated voltage of 150 volts draws 10 ma. 

What value of resistance is connected in 
series with the moving coil of the volt 
meter if the resistance of the coil is 20 
ohms (see Fig. 4-28)? 

16. The voltmeter in the previous 
problem is to have a 30- and 75-volt 
terminal in addition to the 150-volt ter¬ 
minal (see Fig. 4-28). If the current 
drawn is to be 10 ma, at wdiat value of 
resistance must the resistor li be tapped? 

17. If 10 ma is drawn by the volt¬ 
meter in Prob. 15 and an external resist¬ 
ance connected in series with it, what is 
the value of this resistance when the 
voltmeter reads (a) 300 volts? (5) 450 
volts? 

18. A 300-, a 500-, and a 400-ohm resistor are connected in parallel across a 240- 
volt power line. Find (a) the total resistance of the circuit, (P>) the current flowing 
in each resistor, (c) the line current, (d) the power taken by each resistor, (e) the 
power taken by the? circuit. 

19. Four resistors are connected in parallel across a 180-volt source of power. 
The current flowing in each circuit is 20, 250, 180, and 300 ma. Find the value of 
each resistor and the total resistance of the circuit. 

20. An electric circuit in a home has a 100-watt lamp, a 550-watt toaster, and a 
660-watt broiler connected in parallel with a 110-volt line. Find (a) the current 
drawn by each appliance and the total current flowing in the circuit, (6) the resistance 
of each appliance and the resistance of the circuit. 

21. The resistance of the moving coil of an ammeter is 5 ohms. What value 
resistor must be connected in parallel with this coil in order that the voltage drop 
across the meter will be 50 mv when 1 amp is flowing through the line? 

22. The resistor connected in parallel with an ammeter coil is called a shunt. 
How much current is flowing through the coil and through the shunt of Prob. 21 
when the line current is 1 amp? 

23. If the ammeter in Prob. 21 is to have the same voltage drop across it, what 
value of shunt resistor must be connected in parallel with it in order that it read (o) 
5 amp? (6) 10 amp? 

24. Three resistors are connected in parallel across a 250-volt source of power. 
The total current flowing in the line is 760 ma. Two of the resistors have a value of 
1250 ohms and 25,000 ohms, (a) What is the current flowing in each resistor? (b) 
What is the value of the third resistor? 



Fig. 4-28. 
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26. A racJio receiver has four tubes whose heaters each draw 0.3 amp. The 
heaters are connected in paralieJ to a 2..5-vrjJt taj) of the power transformer, (o) 
What is the resistance of each heater.^ (6) What is the combined resistance of all 
the heaters? (c) What is the total current taken from the power transformer? 



60/1 

45/1 

15/1 


26. Find the fnllowinij; (piaiitities for the circuit shown in Fig. 4-20: (a) resist¬ 
ance of each group, (1 j) resistance of the entire circuit, ft*) current taken by the entire 
circuit, [d) current in eacli resistance, fc) voltage droj) across each resistance. 



27. I'iiul the following quantities for the l■ircllit shown in Fig. 4-30: (a) resistance 
of each group, (f;) resistance of the line, (r) current taken l>y the entire circuit, (d) 
voltage dro]) across each grouy), (c) current in each resistance. 


3.J/1 
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2B. Find the total resistance of the 
circuit shown in Fig. 1-31. 

29. In the circuit used in Prnb. 28, E 
= 40 volts. Find (a) current in each re¬ 
sistance, (h) vollagc* across AB and BC. 

30. Find the following quantities for 
the circuit shown in Fig. 4-32: (a) voltage 
across AB and BC, (b) current flow 
through AC and AD, (n) resistance of the 
entire circuit. 

31. In the circuit shown in Fig. 4-33 
find (fl) resistance of the entire circuit, 
(6) /i, Ij, and /a, (c) voltage across AB, 
BC, and BD. 
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32. A Wheatstone bridge, shown in Fig. 4-34, is used to find the resistance 
The two ratio arms Ri and have a resistance of 200 ohms and 800 ohms, 
variable resistance Ri reads 292 ohms when no current flows between C and D. 

(a) /i, lij /a, /4, (?)) iig- 


of Ra. 
The 
Find 



33. A .50,000-ohm potentiometer connected to a 45-volt battery supplins a 
40(K)-ohm load with 20 volts. The resistance of section AB (Fig. 4-24) is 4595 ohms. 
Find the current in each part of the potentiometer. 

34. If a 21,a50-ohm potentiometer with Rah set at 4081 oh ns is used in Prob. 33, 
what is the iMirrent in each part of the potentiometer? 

35. The load in Prob. 33 is changed to 6000 ohms and Rah is set at 6650 ohms. 
What is the current in each part of the potentiometer? 


36. A 20,000-ohm potentiometer con¬ 
nected to a 45-volt battery supplies a 2000- 
ohm load with 20 volts. The resistance of 
section AB (Fig. 4-24) is 2247 ohms. Find 
the current in each part of the poten¬ 
tiometer. 

37. A radio receiver has five tubes, 
each having a plate voltage of 250 volts. 
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Their plates draw the following currents: 7, 3.5, 7, 1.1, and 34 ma. The screen grids 
of tw'o tubes operate at 100 volts and 1.7 ma, one tube at 2.50 volts and 6.5 ma, and 
one tube at 50 volts and 1.6 ma. One of the tubes htis no screen grid. The control 
grids of three tubes operate at —3 v[)lts and one at —16.5 volts. One tube used as 
a diode detector has no control-grid bias. A transformer rated at 75 ma is used in 
the power supply. Find (a) the resistance of each section of the voltage divider if 
the transformer is to be operated at 90 per cent of its r-ated value, (f>) the power rating 
of the voltage divider using the largest current flowing in any part of the resistor, 
(c) the power rating of the voltage divider if it is made of individual resistors each 
rated according to the current actually flowing in the section. 
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38, A radio receiver has six tubes, each having a plate voltage of 250 volts. 
Their plates draw the following currents: 7, 7, 3.5, 1.1, 32, and 32 ma. The screen 
grids of four tubes operate at 100 volts, and their currents are 1.7, 1.7, 2.2, and 0.35 
ma. The screen grids of the remaining two tubes operate at 250 volts, and their 
currents are 5.5 ma each. A transformer rated at 120 ma is used in the power supply. 
Find (a) the resistance of each section of the voltage divider if the transformer is to 
be operated at 90 per cent of its rated value, (6) the powder rating of the voltage 
divider using the largest current flowing in any part of the resistor, (c) the power 
rating of the voltage divider if it is made of individual resistors each rated according 
to the current actually flowing in the section. 

39. Find the resistance between Aff, BC, Cl), and AD of the circuit shown in 
Fig. 4-35. 
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40. The circuit in Prob. 39 is connected to a 300-volt supply. Find the current 
flowing through each resistor. 

41. In Prob. 40 what is the voltage between AB, BC, and CD? 

42. F ind the resistance between AB, CD, DE and the total resistance of the cir¬ 
cuit shown in iMg. 4-3G. 


A C 



Fig. 4-36. 
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43. In Prob. 42, -F = 150 volts; what is the current flowing in each resistor? 

44. What is the voltage drop between the points AF, FG, GB, CD, and DE of 
the circuit of Prob. 43? 

4B. In Prob. 40 what is the power used by seci.ions AH, liC, CD, and tlie entire 
circuit? 

4B. In Prob. 43 whaL is the power used by sections AF, FG, GB, CD, DE, and the 
entire circuit? 



CHAPTER V 

MAGNETISM 


Magnetism has })eeri known to man for many centuries, and 
the Chin(‘sc are said to have heciii aware of some of its effects as early as 
2(i0() n.i!. Its first practical us(‘, the magnetic compass, is credited to 
the (yhinf‘se and was introdiu'.ed in J^airope about A.u. 1200. Dr. William 
Cilbert (1510 UiOIl), an English physician, made further discoveries about 
magnetism and is also credited with being the first to publish records of 
his work. Among other early scientists who have contributed to the 
study of magnetism are Hans C-hristiaii Oersted (1771-1851) of Den¬ 
mark, Karl I'Viedrich Causs (1777 1855) of Germany, and James Clerk- 
Maxwell (1831-1879) of Scotland. These men are mentioned here be¬ 
cause they have been honored V)y having magnetic units named for them. 



Fig. 5-1.—Eurly Chine.sp coinpas.s. {General Motors Corporation.) 


B-1. Relation of Magnetism to Electricity. Magnetism is so closely 
related and so important to electricity that the two are often called twins. 
In the study of magnetism, certain definite rules or laws have been estab¬ 
lished concerning the action of magnets, and in the study of electricity 
the laws concerning the flow of electricity are similar to these in many 
ways. Then, too, tdectricity is so dependent upon magnetism that with¬ 
out it very few of our modern devices would be possible. Without the 
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aid of magnetism, it would be impossible to generate and transmit power 
in large enough quantities to meet the needs of our industrial and home 
use. Without the use of either magnetism or electricity, we should be 
deprived of such valuable assets as the radio, telephone, telegraph for 
communications, and the ignition systems for our cars, airplanes, trucks, 
etc., all of which are important to our welfare in times of peace as well 
as in times of war. 

B-2. Magnetism, Magnets, Magnetic Materials. Magnetism is gen¬ 
erally defined as the property or power of a material to attract and hold 
pieces of iron or steel. While this is true, it would be better to consider 
magnetism as the vStudy of all the properties and actions of magnets and 
magnetic materials. 

A magnet is defined as a body that has the property of polarity and 
the power of attracting iron and steel. 

Magnetic materials are those Avhich will be attrr^cted to a magnet; 
they may or may not possess the property of polarity and may or may 
not have the power of attracting other magnetic materials. 

A study of the definitions of magnets and magnetic materials leads 
to the conclusion that all magnets are magnetic materials but not all 
magnetic materials are magnets. 

5-3. Natural Magnets and Artificial Magnets. Natural Magnets. 
Centuries ago it was discovered that certain stones taken from the earth 
had two peculiar properties. One was that they possessed the power to 
attract and hold to them other bits of similar stones or iron. The other 
was that when an elongated piece of this stone was suspended from a cord 
it would always come to rest wdth one end pointing north. The Chinese 
w^ere the first to discover and use this stone to aid in determining direc¬ 
tions. However, its later common use in navigation resulted in the name 
of lodestone, meaning leading stone. This substance taken from the earth 
is now called magnetite. The name magnet was given to the lodestone 
because large deposits of the stone were found near the city of Magnesia 
in Asia Minor. These stones are called 
natural magnets because they possess 
magnetic power when taken from the 
earth. Natural magnets no longer have 
any practical value, as it is now possible 
to produce powerful magnets by the use 
of electricity. 

Artificial Magnets. The lodestone 
possessed the property of being able to 
pick up bits of steel (see Fig. 5-2), and 

though each bit of steel could be attracted to the lodestone, it was 
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that there was no attraction between the various bits of steel themselves. 
It was found that if a bar or rod of steel was rubbed or stroked with a 




piece of lodestone (Fig. 5-3), the steel bar would then have the same prop¬ 
erties as the lodestone and would be able to attract some of the bits of 

steel to it. The bar would then be 
classed as an artificial magnet. The 
magnet produced by rubbing with a 
lodestone would be weak in terms of 
modern magnets; such magnets are 
now made by inserting the steel bar 
in a coil of wire that has an electric 
current flowing through it (see Fig. 5-4). 

6-4. Permanent and Temporary 
Magnets. Permanent Magnets. If a 
piece of steel is hardened by heat- 
treatment and is then made an arti¬ 
ficial magnet by rubbing with a 
lodestone or with another magnet, or 
by placing it in a coil of wire carrying an electric current, it will be found 
that the hardened steel will remain a magnet for a long time thereafter. 
It is then classed as a 'permanent magnet. 



Fig. 5-4.—Magnetizing a steel bar by 
means of an electric current. 
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Temporary Magnets. If a piece of iron, soft steel, or nickel is made an 
artificial magnet in a similar way, it will be found that the iron, soft steel, 
or nickel will lose nearly all its magnetism 
almost immediately after it is taken away 
from the magnetizing force. Thus magnets 
of iron, soft steel, or nickel are classed as 
temporary magnets. 

Uses 0 / Magnets. Temporary magnets 
^e used mostly where the magnet has a 
coil of wire wound around it and an electric 
current is flowing through the coil. Exam¬ 
ples of this are generators, motors, trans¬ 
formers, electric bells, buzzers, telegraph 
sounders, relays, dynamic loud-speakers and microphones, magnetic pho¬ 
nograph pickups, and deflection and focusing coils used with cathode- 
ray tubes of television receivers. 

Permanent magnets are used in compasses, earphones, radio loud¬ 
speakers, electrical meters, magnetos, etc. 



Fir. 5-5.—Suspendtjd bur magnet 
uacd as a nompass. 



Fig. 5-0.—Illustrating the pole.s of a magnet by the u.se of iron filings. 


6-B. Poles of a Magnet. If an elongated lodestone or bar magnet is 
suspended so that it can turn freely, it will come to rest in such a position 
that one end will point approximately to the earth’s geographical north 
pole. If the magnet is turned and comes to rest of its own accord, it 
will settle in the same position as at first. The end of the magnet that 
points toward the earth’s north geographical pole is called the north 
seeking pole, or in short the north pole. The other end of the magnet, 
which points toward the earth’s south geographical pole, is called the 
south-seeking pole, or simply the south pole. 

If a bar magnet is placed upon a flat surface and a large quantity of 
iron filings are sprinkled over it, most of the filings will accumulate at 
two areas. If the magnet is lifted and rotated gently, it will be seen that 
many of the iron filings in the middle portion will drop off, while those 
at the ends will cling to the magnet. This is but another way of describ¬ 
ing the poles of a magnet; that is, the two points where the magnetic 
strength is greatest are called the poles of the magnet (see Fig. 5-6). 




166 


ESSENTIALS OF ELECTRICITY 


[Art. 5-6 


5-6. Theory of Magnetism. Weher's Theory. There have been var¬ 
ious theories developed from time to time in the scientist’s search for 
the explanation of magnetism. Weber’s theory, which is also known as 
the molecular theory, is the most popular explanation. It is based on the 
assumption that the molecules of a magnetic substance are all individual 
minute magnets. If a magnetic substance lacks the property of polarity 
and the power of attraction, it is l)elieved that the many tiny magnets 
are arranged in an utterly disorganized manner as shown in Fig. 5-7a. 
However, when a magnetic substance possesses polarity and power 

attraction, it is bt'lieved that the 
molecular magiif'ts are arranged in 
f)rderly rows, each with its north pole 
in the same direction as shown in 
Fig. 5-7/). Also, according to this 
theory, the molecules in a magnetic 
substance such as steel, iron, ciobalt, 
or nick(‘l (‘.an riaidily rearrange them- 
selv(‘s from a disorganized manner in 
orderly rows. 

Ex/fylanaiion of Magnetic Actions. 
A lodestoiie wdien taken from the 
(iartlihasa large majority of its molec¬ 
ular magnets lined up in even rows and possesses the powers of mag¬ 
netism. As the many tiny magnets are lined up in orderly rows, they 
all aid in building up the strength of the magnet and in forming its poles. 

In a piece of iron, howawer, the molecular magnets ordinarily are not 
lined up in an ordtnly fashion but instead settle in a haphazard manner. 
Because of this haphazaJ'd arrangement, the tiny magnets neutralize one 
another and the iron wall not possess the powers of magnetism. 

If the lodestone is brought near the iron, it will attract the iron to it; 
and if the piece of iron is not too large and heavy, the lodestone will be 
able to lift it. The explanation for this action is that the magnetism of 
the lodestone influences the tiny magnets of the iron and caiLses them to 
rearrange themselves in orderly rows. The iron then becomes a magnet. 

If the lodestone is taken away from the iron, the molecular magnets 
of the iron will shift about and again fall into a haphazard position. The 
iron is no longer a magnet but is merely a magnetic material. 

All the magnetic actions are explained by this theory. The natural 
magnet already has its molecules arranged in an orderly Avay when taken 
from the earth, wdiile the artificial magnet has to haA^e its molecules lined 
up by some artificial means. In the permanent magnet, once the mole¬ 
cules are set into orderly rows they will retain their positions, while in 
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the temporary magnet, the moleculeg stay in line only as long as there is 
some external magnetic influence to keep them in line. 

B-7. Laws of Magnetic Attraction and Repulsion, Pole Strength, Force 
of Attraction and Repulsion. Law of AUraciion and Re/pxdsion, If two 
bar magnets with their poles marked N and are used, the laws of mag¬ 
netic attraction and repulsion may be derived from them. If one of the 
magnets is suspended by means of a string so that it can move freely and 
the second magnet is brought near to it so that similarly marked poles 
(such as two norths or tAvo souths) are brought close together, the sus¬ 
pended magnet will be repelled (see Fig. 5-8). When poles of unlike 
markings such as an N and an S are brought close together, the suspended 
magnet will be attracted by the other one. Tliis action is commonly 
stated as the magnetic law: Like poises repe? one another and unlike poles 
attract one another. 



Fit;. 5-S.—Repulsion between mugnetin poles of like polaiit.y. 

Pole Strength. The force Avith which tAvo poles will attract (or repel) 
one another depends upon the strength of the pol(\s and the distance 
betAveen them. The pole str(*ngth is measured in unit poles which is 
described as follows: unit magnetic pole is one whieh^ if placed in air 

one centimeter from a similar pole of the same strength, vrill repel it with a 
force of one dyne. (981 dynes = 1 gram; 454 grams = 1 pound.) 

Force of Attraction and Repulsion. The force of attraction or repulsion 
between tAvo poles varies inverselj’^ as the sfiuare of the distance between 
them. For example, if tAAU) poles four centimeters apart exert a force of 
tAA’o dynes, cutting the distance in half so that they arc only two centi¬ 
meters apart, the force Avill become four times (2 X 2) as great, or eight 
dynes. If the distance is reduced to one centimeter or one-quarter of the 
original amount, the force aauII become 16 times (4 X 4) as great, or 32 
dynes. If, however, the distance is increased to eight centimeters, or 
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double the original, the force will become one-quarter X 7 ) of the orig¬ 
inal amount, or one-half dyne. This relation among force, pole strength, 
and distance is expressed V)y Coulomb’s law, which states that the force 
between two magnetic poles is directly proportional to the strengths of 



Fia. 5-9.—Measuring the forne Dircpulsion l)y the tDrsion balance. 


the poles and inversely proportional to the square of the distance between 
the poles. This is shown mathematically by the equation 


/ = 


mi m2 


(5-1) 


where / = 

mi = 
m-i = 

d = 


force in dynes between two poles in air 
strength in unit poles of first pole 
strength in unit poles of second pole 
distance in centimeters between the poles 


Example 5-1. A nnrlh pole with a strength of 20 unit poles is placed five centi¬ 
meters from 11 south pole whose strength is 30 unit poles (Fig. 5 10). What is the 
force acting between these poles? 

Given; Find: 

mi = 20 / = ? 


ms « 30 
d = 5 


N 


J7ij = 20 


-H s 


JO 


Solution: 


mi ma 

20 X 30 
“5X5 

= 24 dynes (attraction) 


Fig. 5-10. 
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6-8. Magnetic Fields, Lines of Force, Field Intensity, Flux Density. 

Magnetic Fields. The properties of a magnet are not restricted to the 
magnet itself but also influence an area surrounding it. This may readily 
be shown by placing a piece of glass or paper over a bar magnet and then 
sprinkling iron filings over the glass or paper. The iron filings will take 
positions in a definite pattern similar to Fig. 5-11. The filings become 










Fni. 5-11.—MagiiDtic field about a bar magnet illiistratfid by iron 


tiny magnets under the influence of the bar magnet, and the pattern 
therefore represents the bar’s magnetism. The space surrounding the 
magnet in which this influence exists is called its magnetic field. The 
magnetic field can also be shown by a number of small compasses placed 



Fig. 5-12.—Magnetic fiedd about a bar magnet illufstratod by small compasses. 

about the magnet as shown in Fig. 5-12. The magnetic fields between 
like poles and unlike poles of two magnets are shown in Fig. 5-13. 

Magnetic Lines. A careful examination of the magnetic fields shown 
in Figs. 5-11 to 5-13 leads to the conclusion that the magnetic field takes 
the form of lines arranged in an orderly fashion. These lines are com- 
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monly referred to as lines of magnetism or lines of induction. One line 
is called a maxwell. The total number of lines leaving or entering a pole 
is called its magnetic flux and is usually represented by the Greek letter 0, 
pronounced phi. While these lines are invisible and said to be imaginary, 
their effect or existence may readily be shown by the iron filings and the 
compass. The magnetic lines follow definite rules which are listed below: 

1 . Magnetic line.s always form a closed loop. The lines leave the 
magnet at the north pole, travel along definite paths outside the magnet, 
enter the magnet at the south pole, and travel through the magnet to 
the starting point at the north pole. This can be seen in Fig. 5-12. 

2 . Magnetic lines never cross one another (see Figs. 5-12 and 5-14). 



How the filings arrange fhemsekes 
when under the influence of like poles 



How the filings arrange themselves 
when under the influence of unlike poles 


FiLi. 5-13.—MaKnotic ficIrLs abrmt the poles of two bar miiKnets. 


3. Magnetic lines can pass through any material, but they will take 
the path that offers the least resistance. This is also shown in Fig. 5-14. 

4. Magnetic lines act like rubbj^r bands. They will stretch outward 
if a force is exerted upon them and will contract when that force is re¬ 
moved. Since magnetic lines do not cross one another, they push ad¬ 
jacent lines aAvay from them. 



Fio. 5-14.—Path taken by magnetic 
lilies when a magnetic; substanre is near 
the magnet. 


Lines of Force. If a pole of a 
second magnet is brought into the mag¬ 
netic field, a force will be exerted 
upon it by that field. The force will 
be proportional to the hnes per square 
centimeter acting at riglit angles to 
the field. These lines are called Imes 
of force, and they extend only from 
one pole, along the external path, and 
end at the other pole. They differ in 
this respect from lines of induction, 
which are always closed loops. The 
hnes of force and the lines of induc¬ 
tion are the same when their path 
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is through air, but they will differ when the path is a magnetic sub¬ 
stance. 

Field Intensity. The strength of a magnetic field, which is also called 
the field intensity, is expressed in terms of the force it will exert upon a 
magnetic pole of unit strength. The unit of lield intensity is the (xu'sted, 
and a magnetic field is said to be of unit intensity when it is capable of 
exerting a force of exactly one dyne upon a unit pole. This may be ex¬ 
pressed mathematically by the equation 

f = mX II (5-2) 

Avhere / = force, dynes, acting upon a magnetic pole placed in a magnetic 
field 

m = strength of the pole expressed in unit poles 
II = field intensity exiiresscd in dynes per unit pole 

Note: H is also expressed in oersteds or lines per square centimeter. 

Example 5-2. What is the intensity of a maRiictic field that exerts a force of 
500 dynes upon a magnet of 40-uiiit pole strength placed in this field? 

Given: Find: 

/ = 500 // = ? 

m = 40 

Solution: 

f — mX H 
f 51X1 

Therefore H = — = - = 12.5 units of field intensity or dynes per unit pole 

rn 40 

The strength of the magnetic field, or field intensity, is also expressed 
as the number of lines per square centimeter in a plane at right angles to 
these lines. 

The field Sit A B CD of Fig. 5-15 is said 
to be of unit field intensity when one line 
per square centimeter passes through this 
section perpendicular to it. This unit of 
one line per square centimeter is called 
the oersted. 

Example 5-3. The two parallel pole sides 
shown in Fig. 5 15 are each four by six centi¬ 
meters, and the magneLic field consist.s of 72,000 
lines uniformly distributed and passing from 
the north to the south pole, (a) What is the 
field intensity? (t) What force would be exerted upon a pok; of 25-unit poJe 
strength placed in this field in dynes and in ounces? 



Fig. 5-15.—Field intensity of a 
iiiagnot. 
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Note; 1 ounce = 2B.4 gramfi; 981 dynes = 1 gram. 

Given: Find: 


0 = 72,000 

Area of pole = 4 X 6 sq cm 
m = 25 


H = ? 
/ = ? 


Solution; 

(o) Field intensity H equals uersteils or lines per square centimeter 



area 


72,000 

7 -- = 3000 oersteds 

4X6 


(b) 


f=^mXH = 25X 3000 = 75,000 dynes 


/ 


75.000 
981 X 28.4 


Flux Density. The number of ma^^netic lines per square centimeter 
in a plane perpendicular to the direction of the magnetic field is commonly 
called the flux dvMity and is designated by the symbol B. When the 
magnetic field is uniform, that is, each square centimeter contains the 
same number of lines, then the flux density may be expressed mathe¬ 
matically as 



where B = flux density, oersteds 
0 = total flux 

A = area, square centimeters 


(5-3) 


Example 5-4. A inaKnetic pole has a flu.\ of 150,000 maxwells. If the field is 
uniformly distributed and the jjole is five centimeters wide and 10 centimeters long, 
what is the flux density? 


Given; 


Find: 


0 = 150,000 B = ? 

A = 5 X 10 sq cm 

Solution; 

„ 0 150,000 

B = ar 

= 3000 oersteds 

Flux density is often expressed in lines per square inch to correspond 
with the English units in place of the metric units. In such cases, the 
flux density is still found by dividing the total flux by the area, but as 
the area is in square inches the flux density will be expressed in lines per 
square inch and not in oersteds. 
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Example 5-5. What is the flux density of a magnetic polf, 1 by 3 inches that 
has an evenly distributed flux of 4500 maxwells? 

Given: Find; 

0 = 4500 B = ? 

.4 = 1 X 3 sq in. 


Solution: 



4^00 
r X 3 


1500 lines per square inch 


The magnetic lines of the bar magnet of Fig. 5-11 represent its mag¬ 
netic field in only one plane. If the bar were set on its edge and iron 
iilings were again used, they would show a similar magnetic? field extending 
out from the magnet. It can be shown by this means that the magnetic 
held extends in all directions from the pole of a magnet. If a unit mag- 
metic pole is placed in the center of a sphere of one centimeter radius as 
shown in Fig. 5-10, it will have a held of Itt or 12.57 (4 X 3.1410 = 12.5004) 
lines. This is true because according to the definition of the unit pole an 



Fig. 5-10.—Magnctif; field of a unit pole in a sphere two centimeters in diameter. 

equal and like pole placed anywhere on the sphere which would be one cen¬ 
timeter away, would be repelled with a force of one dyne. Also the field 
must be of unit intensity, one oersted or one line per square centimeter, in 
order to exert a force of one dyne upon the unit pole. As the area of a 
sphere is 47 rr^ there will be 47r(l)^ or 12.57 square centimeters and there¬ 
fore 12.57 lines. The number of lines from a pole whose strength is m 
becomes 

0 = 47rm (5-4) 

Example 5-6. How many magnetic lines are emitted bv a magnetic pole whose 
strength is 20 unit poles? 
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Given; 


Find: 


m = 20 


= ? 


Solution: 


0 = dTTTu = 12.57 X 20 
= 251.4 niMXVYfdls 


6-9. Magnetic Induction, ll lias Ixuai provioiisly st atnl t hat a magnet 
tias the power uf allraeting iron ami steel to it. As the magnet is lironght 
elose to a pieef' of iron or steel, that pieeti Ix'eoTrn's magntdizetl by inthietion. 
Figure 5-17a shows an iron nail A hrouglit close to a magnet. Som(‘ of 
the magntdie lim‘s leaving the north i)ole f)f tln‘ magnet lind that t-heir path 
of least resistance is through th(‘ nail and htaiee tala* sueh a patli. The 
nail betajmes magnetizcMl by indu(*tif)n, and the lines (Mitering at the head 



lar?. 5-17. MaKiiftir* indurtioii; C«) n.ail ,1 inacm'l izinl liy iniliiiMifin, (5) nail U niagiiLMizcd 
liy CMniturl with nail .4. 


of the nail inakt' it a soiitli poh' and upon lea\’ing at the point make it a 
north pole. If a seeaind nail is now jilae.cul in eonlLiet with the first (Fig. 
5-17l>), it will (“ling to it. 'idle second nail has liecome insigmdized by mag¬ 
netic induction through its (“onlact with tin* lirsl nail. The h(‘ad will lie a, 
south pole because the magnetic lines enter there, and the point will lie a 
north pole because the lines leave the nail at. tin* jioint. If the space be¬ 
tween the magnet and the first nail is increased, the t wo nails will no longer 
hold t()g(‘ther and the second one ivill fall olT, thus showing that they were 
magnetized only while in the infliuMice of the bar nifignet . 

Poles Produced by Mayneiic Luluclion. Alagnetic induction always 
causes a south poh' to lie produced in that jiart of a magnetic substance 
nearest to the north pole of the magnet and a nortli pole at tliat end nearest 
the south pole of the magnet. As the induced pole nearest to the magnet 
is always of a polarity opposite that of the inducing pole, there will be a 
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fnrr*c of at traction bet wcf'-ii tin* two poles. Furtherinore. as t he magnetic 
lines always tend to shoi ten tln^mselves, they will try to pull the induced 
])ole against the inducing pole. Tliis explains why a magnet draws a piece 
of iron to it. 

If a ctmiparatively wt*ak north pole of one inagnet is l)rought near a 
strong north pole of another magnet, it, is possitile tliat there will be an 
attraction between the two prdes instead of the repulsion that Avould be 
expected. This is explained by the far“t that when tlie weak north pole is 
brought near the strong north pole the strong north induces a south in the 
first magnet that exceeds its own weak north and attraction result,s. The 
polarity of tlie weaker magnet becomes reversed uniler this condition. For 
t his reason, a (*ompass needle or another weak magnet should not be brought 
too close to a strong pole of similar polarity. 

Magnetism may be induced in several ways. In Fig. 5-17a, the niag- 
netism is induced in the nail by its mere presence in tlie magnetic field 
of the bar magnet. In Fig. 5-175, the magnetism is induced in the nail B 
liy its contact with the magnet, nail A. In Fig. 5-3, magnetism is induced 
in the bar by stroking it with a lodest.one. 

5-10. Magnetic Properties and Classification of Materials. The prop- 
erties of magnetic materials most commonly referred t,o arc; reluctance, 
reluctivity, permeance, permeability, and retentivity. 

h*ducia7i(‘c. Eeluctance is defimal as the; opposition offered by a ma- 
ti'i’ial to the' f)assage of magnetic lines. This corresponds to the term 
rt‘,sistance in the* elc'ctric; circuit, which is the opposition to tlie flow of 
c'lectric*. current, lliductance, however, has the additional peculiar char¬ 
acteristic that, its value for rnagnc'tic materials is not constant but varies 
il the flux density is cliangc'd. The reluctance of nonmagiU‘tic materials is 
constant. This term is used in magnetic-circuit calculations. Iteluctance 
is re]:>resented by the* scrijit letter oi, but no name is given to this quantity. 

In some references and texts the name oersted is given as the unit of 
magntdic reluctance. In accordance with tlie agnrrneiit in 1930 l)y the 
International FlecLrotechnical Commission, the name oersted was estab- 
lislii*d to designate; the unit f)f magnetizing forr;e and the name gauss to 
designate the unit of magnetic induction. 

Rcluctwity. Reluctivity is the specific reluctance or the reluctance per 
C(ritim[‘tir’ cube. For nonmagnetic materials, its value is one, and for 
magnetic materials, its value varies with changes in flux density. Reluc¬ 
tivity corresponds to resistivity in the electric circuit. There is no name 
assigned for tlie unit of reluctivity, but its symbol is the; Greek letter 
pronounced nu. 

Parmmnce. Permeance is the ability of a material to carry magnetic 
lines. Its value is equal to the reciprocal of the reluctance. Permeance 
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corresponds to conductance in the electric circuit. Its symbol is (P, but no 
name has been adopted for its unit. 

Permmhility. PermeaVnlity is a measure of the ease with which mag¬ 
netic lines can pass through a material. Numerically it is equal to the 
reciprocal of the reluctivity. The permeability of nonmagnetic materials 
is one, while for magnetic materials it is a variable depending upon the flux 
density. It may also be considered as the ratio of the lines of force passing 
through a material to the lines of force passing through air for the same 
conditions. Good magnetic materials will have a high value of permea¬ 
bility. Its symbol is the Greek letter /z, pronounced mu. No name has 
Ijecn assigned to this unit. 

Retmiiviiy. Retentivity is the ability of a material to hold its magne¬ 
tism after the magnetizing force is removed. Permanent magnets have a 
high degree of retentivity, and temporary magnets are Ioav in retentivity. 
The magnetism that remains in a material after the magnetizing force is 
removed is called the residual magnetism. This property is very useful in 
the operation of electric generators. 

Classification. It has V)een common practice in the past to classify 
materials as V)eing either magnetic or nonmagnetic. Iron, steel, nickel, 
and such other materials that may easily be magnetized were classed as 
magnetic; air, copper, brass, and such materials which seemed impossible 
to magnetize were classed as nonmagnetic. The present practice is to 
classify materials into one of three groups, namely, ferromagnetic, para¬ 
magnetic, and diamagnetic. 

Ferromagnetic materials are those which become strongly magnetized in 
the direction of the magnetizing field. They have high values of permea¬ 
bility. Included in this classification are iron, steel, nickel, cobalt, magne¬ 
tite, and alloys such as Heusler^s alloys, Permalloy, and Alnico. 

Paramagnetic materials are those which Avill become only very weakly 
magnetized but in the direction of the magnetizing field. The permeability 
of these materials is greater than one but the values are low. Included in this 
classification are aluminum, platinum, oxygen, air, manganese, and chro¬ 
mium. 

Diamagnetic materials are those which will become very weakly mag¬ 
netized but in a direction opposite to that of the magnetizing field. The 
permeability of these materials is less than one. Included in this classifi¬ 
cation are bismuth, antimony, copper, zinc, mercury, gold, and silver. 

In general only iron, steel, Permalloy, Alnico, and a few other alloys 
are considered as magnetic materials, and practically all other materials 
are considered nonmagnetic. The permeability of iron and steel varies 
from 25 to 2500. Permalloy, which is an alloy containing about 78 per 
cent nickel and 22 per cent iron, is highly magnetic and has been known to 
have a value as high as 85,000. 
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Alnico is a very powerful magnetic alloy recently developed. Sintered 
Alnico is an alloy of aluminum, nickel, iron, and cobalt made by pressing 
the powdered metals together and heating them to almost melting point. 
Its magnetic qualities are so great that it can lift 500 times its own weight. 
By assembling a magnet in a special manner, it has been found capable of 
lifting as much as four thousand times its own weight. 




fftl-Proper method of storing 
magnets when hot in use 



fc,]-Laminated magnets 


I'^ir;. 5-18.—Magnets. 


6-11. Magnetic Shapes. Bar Magnets. Magnets are used for many 
purposes and are therefore to be found in a large variety of shapes. The 
bar magnets shown in Fig. 5-18tt arc commonly used in the school labora¬ 
tories. as they provide a very satisfael ory means of rlemonslrating the laws 


Keeper, 



of magnetism and the path of magnetic lines. When the bar magnets are 
not being used, it is desirable to place them so that adjacent ends will be of 
opposite polarity (see Fig. 5-18/;) in order that they may retain their mag¬ 
netic strength. 

Horseshoe Magnets. Magnets for commercial use are generally in the 
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form of a horsf^shfK! or sornr‘ variation of this foiin hecaiisn tlu^y provider a 
inuoh stronger magnet tlian the bar magnet of an eoiial weiglit of material. 
This is true beeause the two poles are closer to raie aiiotlier and also because 
both poles can probably lx* utilized. Wlien the horseshoe magnet is not 



(b) 


(a) MoignDt of plectrical 

Magnet of a horn type radio loudspeaker meaGuring inGfrumcnt 

5-20. AjiplicMt ion,< of tu.'nriiols. 


in use, a soft iron keept'r should be placed across its j)()]i‘s t.o keep tlie magnet 
strong. Forms of tlu* liorseshoe magnet arc' shown in Fig. 5-19. The 
magnet; used in the* conc'-type radio spc'Mker and tlu' pi'nnanc'nt mfignet of 
a popular-type electrical measuring instrunu'iit ai(‘ sliown in Fig. 5-20. 

The compound horsc'slioe magned of a mag- 
ru'to us(‘d for stnnc' lyjx's of ignition systems 
is illustmlc'd in Fig. 5-21. 

Laminated Mtu/tuis. Tln slrength ofniiig- 
nels may l)e furlhi'r incri'ased I w conslrueting 
a magnet of sevc'ral thin si i-ijcs instead of one 
thick st rij). d'his is relerred to as a lanvinatcd 
wafjnrt and is illustrated in Fig. 5-1-Sr. 

Riiuf Maffnrfs. Magnets are sometimes 
made in a circular form as shown in Ing. 
5-22ri and are called /■///// niafjncis. This mag¬ 
net has 110 poles, and its magnetic lines form 
closed loops around thi‘ ring. This form may 
be used to demonstrate tin* operating princi- 
^ , , tile of the transfoimer. Tiie magnetic core 

tir.. 5-21. -l ninpouiul liorso- . ■ t’.- t ■ 

.shoo iiKiKiipt. ‘d thc' trails!oriner shown in kig. ;)-22o is but 

a variation of the ring magnet. 

If a small piece* is cut out of a ring magnet as in Fig. 5-23, it will then 
have two strong magnetic poles. This t 3 "f)e of magnet is sometimes used 
in electrical iiistruinents. 

MatincUc Scrermi. Another use of a circular (usually a temporary) 
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is tlip screen. Its 

l)iirp[)S(‘ is to sliiehl imy ol)je(‘t from 
niasnetic lines as illustratc‘d by tlie 
melf'r and its sca-etni in Fi^- 5-24. As 
llieie is no laiowii insulatoj- of mag¬ 
netic lines, shielding- is tlie practical 
substitute and is actaunplished by plac¬ 
ing llie obj(M*t in the (a?nta‘r of a ring 
or another closed cinaiit. As the 
si reen is usually marie of soft iron, it 
provid[‘s the erisiest path lor tlie inag- Fm. 5-23. - liiiiKmaguBi uhi^iI in [imctor. 
netic lines and tliei’diy kr'cps the ob¬ 
ject ill th(‘ craitru- fr(‘(‘ from those magnetic lines. 

5-12. The Earth’s Magnetism and the Compass. Magnetw Charactcr- 
isticti of the EorUi. 44ie eart li j)ossess(*s magnetic characteristics that malce 
it act like a large bar magnet with its i)oh‘s located near the geographic 




Fik. 5-24.—Magnintir, snrBBii. 


pole.s (Fig. 5-25). Because the earth’s magnetic north pole lies near its 
geographic south, the magnetic lines leave the earth near the south geo- 
giaiihic pole and flow toward the noilh near the surface of the earth. They 
enter near the north geographic pole and travel through the earth to the 
south to form their clo.sed loop. Thu.s the earth’s surface has a nearly 
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compass points in a direction approximately 10'' west of the geographic 
north at New York. The declination is alstj often referred to as the 
magnetic deviation f)f the compass. In addition to the earth's nonuniform 
magnetic condition, the deviation of th(‘ compass is also affected by the 
presence of magnetic materials near the compass. The magnetic effect 
of the hull of a steel ship is corrected to a large extent by placing large 
balls of magnetic materials near the compa.s.s. 

Thi! lorajtion of the magnetic pole determined by Ross in 1831 and by 
Amundsen in 1905 imlicates that the earth’s magnrdic condition is con¬ 
tinually changing. It is stated that the magnetic pole is continually 
shifting in a large circle which it is estimated will take about 25,000 years 



rlipitin^ 


t o complete. Thus the declination will be con¬ 
tinually changing. This is called the magnetic 
rariaiion, and for accuratt; work, tables are pre- 
parerl for each day of the year to account for 
this shift in the declination. Celestial and tcr- 
|•(^stI■ial disturbanc.(‘s such as sunspots, earth- 
ipiakes, and so-called magnetic storms cause 
1 ‘i'rors also called niagneiic variations. 

Dip. .Another (dTect of the earth’s magnet¬ 
ism is the magnetic dip. This effect is clearly 
demonstratral when a frrady suspended needle 
uiid(‘r the influenci‘ of the earth’s magnetism 
alone is permitted to come to rest. It will be 
found that its position will not be parallel to the 
earth’s surface but will be at an [ingle to the 
liorizontal that varies with tin' geographical loca¬ 
tion. Tins can Ire determined by the dipping-needle compass shown 
in Fig. 5-28. At New York, the dip is about 70"’N. At each magnetic- 
pole, the dip is 00 ilr'grees, while near the equjitor it is zero. 

A comjilete study of terrestrial and cele.stial magnetic conditions is 
essential in navigation and radio location work. 

6-13. Magnetic Field about a Wire Carrying a Current. Magnetism 
has been describetl as the twin of electricity, l)ut up to this point mag¬ 
netism has been t’onsidered alone. The important part that electricity 
plays in magnetic work will now be studied. 

In 1810, Oersted made the famous discovery that a magnetic field 
always exists about a wire that is carrying a current. He found that 
certain relations existed between the magnetic and electric conditions. 
'Fhe principle of Oersted’s discovery may be demonstrated by placing a 
wire vertically through a piece of cardboard and determining its magnetic 
characteristics when a current is flowing through the wire. This is shown 
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in Fig. 5-29 where the wire AB is placed through the cardboard D and 
connected to either a d-c generator G or a storage battery S. (Note that 
an adjustable resistor R is connected in series to control the amount of 
current.) If a current of approximately 50 amperes is permitted to flow 
from A to B and then some iron filings are sprinkled over the cardboard, 
it will be found that the filings will take an orderly circular form about 
the wire as shown in Fig. 5-29. It will also be observed that if compasses 
are set at the positions C the compass needles will come to rest at right 
angles to the wire and will have their north poles each pointing in the 
same direction of rotation. If the current is removed by opening the 



Fig. 5-29.—Magiii'tic field about a wire carrying a current. 


switch, the compass needles will no longer stay perpendicular to the wire 
but will take positions in accordance with the earth's or any other nearby 
magnetic field. If the cardboard is gently tapped, the iron filings will 
take a haphazard form. Thus it must be concluded that the magnetic 
field exists about the wire only when a current is flowing through it. 

6-14. Relation of Magnetic Field and Electron Flow. Effect of 
Amount of Electron Flow. If the current flowing through the wire of 
Fig. 5 -29 is reduced from 50 to 30 amperes, it will be found that while 
the iron filings still take the same form a smaller quantity t)f filings will 
be affected. If the compasses are moved, first closer to the wire and then 
farther from the wire, it Avill be found that the magnetic effect will extend 
farther from the wire when the current is increased. From this, it is 
seen that the strength of the magnetic field about a current-carrying wire 
increases as the current increases and decreases as the current decreases. 

Effect of Direction of Electron Flow. If the leads connected to the 
wire AB are interchanged and the circuit is adjusted so that 50 amperes 
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flow from B to A, thr sprinkling of iron filings on the cardboard will 
produce the same results as before. Close observation of the compass 
needles will, liovvever, indicate that a change has tak(*n place, for they 
will now have their north poles pointing in the direction opposite to that 
when the current was flowing from A to B. This indii^ates that the direc¬ 
tion of the magnetic fii'hl aliout a current-carrying wire depends upon 
the direction of current flow through that wire. 

- + 





(b) 


I'm. 5-;i0. I.('rt-h;iiul nih; for a wire carrying u curriMil ; (a) clpctroiiH flowing downwarLl, (b) 
eliM’lroiiis flowing uiiward. 

LvJt-fmjui Rule for a Wire Carrying a Current. The relation between 
the direction of electron flow and the magnetic field is easily remembered 
by the h'ft-hand ride for a wire, which states; Gra.sp the wire with the left 
hnmi so thnt the thumb points in the direction of the electron flow, and the 
Jingrrs will point in the direeiion of the magnetic field. Thus, if either the 
direction of electron flow or the direction of the magnetic field is known, 
the other may be obtained. Figure 5-30 illustrates this rule. It should 
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be observed that 0 indicates electron current entering the wire and O 
indicates electron current leaving the wire. 

Note: The above left-hand rule is a variation of the old right-hand 
rule used with the older conventional direction of current flow. This 
rule stated: Grasp the wire with the right hand so that the thumb points 
in the direction of current flow, and the fingers will point in the direction 
of the magnetic field. This rule was used to determine the relationship 
between the direction of the magnetic field and current flow before the 
discovery of the electron and the subsequent discovery of electron flow. 
At that time current was assumed to flow from positive to negative. The 
discovery of electron flow proved this assumption to be incorrect as current 
actually flows from negative to positive. 

Currenf 



6-16. Magnetic Field of a Coil, Left-hand Rule. Magntiir. Fidd of a 
Coil. The magnetic field around a straight wire carrying a current exists 
at all points along its length and consists of concentric circles in a planci 
perpendicular to the wire (see Fig. 5-31). Tf such a long piece of wire is 
wound on a core as shown in Fig. 5-32, it is called a coil\ it is also com¬ 
monly called a sohmoid or hdix. When a current is made to flow through 
this coil, additional magnetic characteristics result. 

Considering first the two turns of wire, at A and B of Fig. 5-33, it 
will be seen that the current is leaving at these points. Tf the wires are 
not too close to each other, their magnetic fields will take the form as 
illustrated in Fig. 5-34a. Notice that the magnetic lines at the right of 
A are going downward while the adjacent lines (at the left of B) are going 
upward. When the two wires A and B are adjacent to each other, the 
effect of the one's downw^ard and the other’s upward lines will neutralize 
one another at this point, but the field about the two wires wdll 
be strengthened as indicated in Fig. 5-345. 

When the entire coil, A to F and A' to G\ is considered, the resulting 


186 


ESSENTIALS OF ELECTRICITY 


[Art. 5-16 


magnetic field is shown in P"ig. 5-32. The strength the magnetic field 
will increase with an increase in the numbei’ of turns and also with an 
increase in th(‘ amount of current flowing. Note that the field is the 
strongest at the ends of th(^ coil and that this corresponds with the defini¬ 
tion for a pole; hence the coil is said to have two magnetic poles. The 
direction of the magnetic lines indicated in Fig. 5-32 shows them leaving 



Fifj. Fi-lVJ .— i\1auiu‘(ir‘ fidd {ibrnit a fnil fiirr> iii(^ a L'urrciit. 


E 


the coil at the left side and entering again at tlie right. According to 
tlie magnetic laws, this indicates that the left pole is a north and the right 
is a south. 

Lrfi-hand Ridr for a Coil. As the direction of the magnetic lines was 
det(‘rmiiied l)y tin* direction of current flow, it is appareiii, that reversing 
the ilirection of current flow will reverse the polarity of the coil. The 

relation betwei'ii the tlirection of 
the current flow and the poles of 
the coil is known as the left-hand 
rule for a coil and is stated: Grasp 
the coil with the left hand so tha t the 
finyers point in the direction of the 
(dectron flow, and the thumb will 
point in the direction of the coiVs 
north pole. This is illustrated in 
Figs. 5-35a and 5-35?/. 

The magnetic strength of the 
coil is also afTected by the type of 
core upon which the coil is wound. 


(5 0 Q © (5 ^ 


'V' - ’ ' •• 

'//////• ‘V/- ''/ 


'W 

A' 


B' C 


Z>' E' E' 


Fkj. r>-.'Cr - Vit'w slujwiiiK (lie iJii L'rtimi of ihr 
rMinniil in Uip roncluftorf^ of thp poil of 
I' lR. 


It a ferromagnetic material i.s used for the core, it will produce a much 
stronger coil than a paramagnetic core. 

6-16. Magnetic Circuits and Calculations. Many electrical devices 
depend upon magnetism for their operation, and, to have these devices 
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function efficiently, enKineers work out intricate dcsif^ns for the required 
magnetic conditionw. The magnets must supply the required strength 
and must be provided with paths or circuits of suitablt* shapes and mate¬ 
rials. The magnetic circuit is defined as the path (or paths) taken by 
the magnetic lines of inrluction k*aving a north pole, passing through the 
entire circuit, and returning to the starting point. A magnetic circuit 
may be a simple series tjr parallel circuit or may be a complicated combina¬ 
tion circuit depending upon how intritaite the device may be. 

Many ol the magnetic-(drcuit calculations are similar to the electric- 
circuit calculations as is apparent in the following table. 


Table V-I 


Unit 

)' Kh‘i-iric ein-uit 

1 

Magiiptin rireiiit 

Preasure. 

i Vult (E) 

(lilbert (7’J 

C^UJintiiy. 

\ Ampen; (7) 

Maxwell (i^) 

Hosist.'iiU'Q. 

i Ohm (R.) 

01 

Oliiii’s law. 

! /? = in 

F = 4,(\{ 


I 

1 


R 

r “ (ii 


r. E 

F 


R = -r 

(31 = - 


I 

0 

Specifu! resistance. 

Uesistivity (7C) 

lleluetivity (»») 


Kl 

vl 


R = ; 

(31 = - 


A 

A 


Examination of Talile Y-I will show that the magnetic-circuit calcula¬ 
tions and the electric-circuit calculations are very similar. There is, 
lioAvevei-, one point in whicli the two sj'^stems differ, and this occurs in 
the calculation of the reluctance (resistance) of the magnetic circuit. In 
the resistance erpiation of the electric circuit, K represents the specific 
resistance of the material used to conduct the electric current. The 
Vfdue of K is obtained from Appendix IV; for example, K for copper is 
10.4, and this value i.s the same whether the conductor carries one or five 
amperes. In tin' reluctance equation of the magnetic circuit, v represents 
the specific reluctance of the material used to conduct the magnetic lines. 
This value of v is not a constant even for a gi^am material but varies Avith 
the iuiml)er of magnet ic lines per unit of area and must, therefore l)c found 
S(‘parately for each comlition considered. This may be done l)y use of 
the permeability curve of the kind of material being used. Curves for 
various materials may he found in engineering handbooks or may be ob¬ 
tained from the manufacturer of the material. A sample permeability 
curve for cast steel is given in Fig. 5-36. The specific reluctance or re- 
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luctivity is the reciprocal of the permeability, or 

1 / = - 

where v = specific reluctance (or reluctivity) 

— permeability 


(5-5) 



Flux density,lines per sq.cm. 
Fig. 5-U(i.—PerniBability curv’^e fur nast steel. 


Exaui'pU 5-7. What is tho reluctivity of a pic’cc of cast steel four square centi¬ 
meters in cross section and carrying 16,000 maxwells? 

Given; Find; 

0 = 16,000 = ? 

A = 4 sq cm 

Solution: 

To find V, w'e must have and to find m from Fig. 5-30, we must have B [see Eq. 
(5-3)]. 


„ 0 16,000 

B = — = —-— = 4,000 oersteds 
A 4 


/i = 1200 (from curve, Fig. 5-36) 


1 

V ^ — 


1 

im 


0.000833 


Example 5-8. What is the reluctivity of the piece of cast steel of Example 5-7 
if it must carry a flux of 26,000 maxwells? 

Given; Find: 

0 = 26,000 V = ? 

A = 4 sq cm 

Solution; 


B 


0 26,000 

— =-= 6500 oersteds 

A 4 


M = 1400 (from curve, Fig. 5-36) 

_ 1 _ 1 ^ 

" “ /i “ 1400 


0.000714 
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It is now possiblo to find the reluctiinee of a magnetic circuit by the 
equation 



(5-0) 


where (R = reluctance of the circuit 

V = reluctivity of tlie magnetic path 
I = length of tlie magnetic path, centimeters 
A = area of the magnetic jiath, srpiare centimeters 

Exfimpir. 5-n. Jf Dip IpiikUi r)f iho maKiinlin piiili dF Kx.'iinple 5-7 is 16 ceiiii- 
nicLcrs, wliat is iLs ir;lur!tfinnp? 


Oivpii: Finfl: 

= O.fKKlS.'i.l (frf)m lOxiimple 5-7) (W = ? 

I = 10 cm 
yl = 4 sq cm 

Solution: 

m - ^ O X 16 

- A - 


= 0.003332 


When the reluctance (resistance) and the flux in maxwells (quantity) 
art* known, it is then ptissible to find tht* ])ressure (magnetomotive force 
F) i'efiuirt‘d t o jnisli the flux through the magnetic cii’cuit by use of Ohm’s 
law for magnetism. 

F = 001 (5-7) 

where F = magnetomotive force, gilberts 
0 = flux, maxwells 
01 = reliit'tance 


EianipJv 5 10. What prc.ssuri* is requircil to push the flux through the circuit of 
lOxiimph; 5-[)? 

CJivoii: Find: 

0 = 16,000 maxwells F = ? 

01 = 0.003332 (from Example 5-0) 

Solution: 

F = 4>(R 

= 16,000 X 0.003332 
= 53.3 gilberts 

As electromagnets are used in many cases, the magnetizing force is 
supplied by passing an electric current through a coil wound around a 
portion of the magnetic circuit. The strength of this magnetizing force 
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will depend upon the number of turns and the amount of current flowing 
and is expressed by the equation 

F = 1.26iV/ (5-8) 


where F = magnetomotive force, gilberts 
A' = numbt^r of turns on the coil 
/ = amperes flowing through the coil 


Example 5-11. IIdw iiijiiiy Jiiiipeio-turiis .am required for .a coil in supply the 
mjigiieLic circuit of lilxaiupln 5-10? 


Solution: 


Given: 

F = 53.3 


F = 1.26Ar/ 


Find: 

NI = ? 


Therefore, NI 


F 

1.20 


53.3 

1.26 


•12.3 iijni)ere turns 


Examph:. 5-12. If the coil of lOxainple 5-11 has 100 turns, how many aini)ere8 
would be reiiuired? 


Solution: 


Given: Find: 

NI = 12.3 I = ? 

AT = 100 


NI = 12.3 

^ 12.3 42.3 

Therefore, / = = - = 0.423 amp 

N 100 ^ 


Example 5-13. If the coil of I'^xainple 5-11 is connecteil in an electric circuit in 
which 0.50 aniiicrc i.s lloNNin^;, how niaiiy turns would the coil niaol? 


Solution: 


Given: 

NI = 12.3 
I = 0.50 


NI = 42 3 


Find: 

N = ? 


Therefore, N 


42.3 

I 


42.3 

5750 = 


It has been stated that magnetic circuits may be simple series or paral¬ 
lel circuits or complicated cfjmbination cinaiits. In any event, they fol¬ 
low the same method of procedure as solving the ele(;trie circuits. In the 
series magnetic circuit, for example, the total reluctance is 


CRt' — (Ri -|“ (Ra “H Ola, etc. 


(5-9) 
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Example 5-14. What is the rcluiiLaiice of a series circuit made of reluctances of 
0.0026, 0.0005, and 0.0015? 

Given; Find: 

(Ri = 0.0025 Olr = ? 

fliz = 0.0005 
CRa = 0.(KJ15 


Solution: 


[]\T = rtl, -h 01, -h fJla 

= 0.(K)25 -I- 0.0005 + 0.0015 
= 0.0045 


For a parallel cireiiit, the total reluctance is 


01T — 


1 


T 1 

ati ((Is 



(5-10) 


Example 5-15. What is tlie reluctance of a parallel inaKnetie circuit made of 
reluctances of 0.0025, 0.0(K)5, and 0.(X)25? 


Solution: 


Given; 

nil = 0.(K)25 
(Ho = 0.0005 
Oh = 0.0025 


Find: 

CHr “ ? 


(Hr = 


J L ^ 

Oh Oh ni 3 


1 

1 1 

0.()025 0.0005 

1 


0.0025 


1 


1_±5±1 
0.(X)25 
0.tX)25 


0.0025 
= 0.000357 
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QUESTIONS 

1. What is the relative impartaiice of magnetism and electricity to the study 
of radio, television, and electronics? 

2. Define (n) magnet, (b) magnetic materials. 

3. What is meant by (u) a natural magnet? (b) An artificial magnet? 

4. (a) Distinguish between permanent and temporary magnets, (b) What 
materials are used for each? 

6. (a) Describe the jioles of a magnet, (b) By what name is each pole known? 

6. Exjilain Weber’s theory of magnetism. 

7. State the law of magnetic polarity. 

B. llow" does the distance between two magnets affect the force of attraction or 
repulsion between them? 

9. State four rules to whicii the actions of magnetic lines conform. 

10. (fz) What is meant by the magnetic field? (b) How may the field of a magnet 
be illustrated? 

11. What are magnetic lines? 

12. What are lines of force? 

13. Distinguish between lines of induction and lines of force. 

14. Define Ilux density. 

IB. I'^xplain why a magnet draws a piece of magnetic material to it. 

16. Describe several luethoiis of inducing magnetism in a steel bar. 

17. Define the following pro[)erties of magnets: (a) reluctance, (b) permeability, 
(c) retentivity. 

IB. (tt) Define reluctivity, (b) With which electrical term does it compare? 

19. (a) Define ijermcaiice. (b) What is its relation to reluctance? 

20. Give the meaning of ferromagnetic, jiaramagnetic, and diamagnetic as they 
apply to classification of materials. 

21. (ri) What is Permalloy? (b) What is its use? 

22. (a) What is Alnicn? (b) What is its use? 

23. Name three shapes of magnets, and give some uses of each. 

24. State some precautions to be oliserved in the use of magnets. 

26. Describe the earth’s magnetism. 

26. (a) Where is the earth’s magnetic south pole located? (b) Is the location 
liennancnt? Exjilain. 

27. What is meant by the ileclination of a compass? 

2B. What is meant by the magnetic variation? 

29. What is done to compensate for the effects of declination and variation? 

30. (a) What w\as Oersted’s [Ji.scovcry? (b) To what important uses is it applied? 

31. State the left-hand rule for a wire carrying a current. 

32. What effect docs a change in the amount of current flowing in a conductor 
have upon the magnetic field? 

33. What effect does a change in the direction of current flow in a conductor 
have upon the magnetic field? 

34. What is a solenoid? 

36. What factors determine the magnetic strength of a solenoid? 

36. State the left-hand rule for a coil. 

37. Compare magnetic circuits with electric circuits. 

3B. What is Ohm’s law for the magnetic circuit? 

39. In what manner does the reluctance of a magnetic circuit differ from the 
resistance of an electric circuit? 
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40. Why arR magriRLic Rirciiit Ralculatiuns nerR.ssary? 

41. How is thn rRluflaiiRn nf a maKriF-tir. firr-uit afffciRil in) l)y the Inngth of tho 
f.;irruit? {h) By iiio Rross krrI irmal ai-Rji of IliR maiyinRlii* i)!itii? 

42. How tlo tliR iivimliRr of turns iiinl Hio rurri'iit afTerl. tliR intigiK^tomolive force 
of Mil RlRcLroiiiaj;iii!t? 

43. How are reluci anees rjf a serif's inafrnelic circuit afkleil? 

44. How are reluctaoces f)f a parallel magnetic circuit addcrl? 

PROBLEMS 

1. Draw a rlia^ram showing lu^w a har inaKoct can 1)r us(m1 to inaKnntiz:e a steel 
roi.1 hy stroking the rod with Ihe bar iiia|rnfd . loflic.ale the area of the steel rod that 
imist he strokfol by oiii*. |)ole of thi^ ina^in't and the area (hat must be strokerl by the 
fither poll?, rndicatc the polarity rd’ the magnet and also Ihe yjidarily that tlie steel 
rod will have, after th(^ stirdviii^ oprrration is eomph'led. 

2. If twf) steel bars were fouinl on a workbtoich anil their may!:netic characteris- 
licH were not known, describe a siniyFle iin'Ihod of tesliny; whether (a) neitlu'r bar 
was a inaf^net, (tO both bars wert* iiia^nids, (rj only one l)ar was !i inaKnet. 



N 



5 


N 


Fii; 5-:{7. I'li;. 5-;HS. 


3. If it Wfus found that only one of the two bars of Prob. 2 was a majjinet, ilescribe 
a midhod to delerinine (a) which bar is the magnet, (fj) which of ils j)[jh‘s is the north 
yiole, (r) w’hich of ils jjoles is the south pole. 

4. Draw a diagram of two bar magnets in the relative positions shown in Fiyj. 
and skelch the inaKnetic field that will result. 

6. Beverse the lower maysnel of Pr(d>. -4 so that it will be in the y)osition as shown 
in I'i^. r> ,‘kS, and sketch the iiiaKnetic field that will result. 

6. Sketch the inay^nelic liehls of Ihe twn bar niaKiiets in the i)osition as shown in 

l"iK. r»-ns. 

7. Skelch the magnetic held i>f (he periuaiient map;net shown in Fig. 5-20N. 

B. Ski'Ich (he magiielic held of the magnet and Ihe soft steel bar shown in Fig. 
5 ."kl. What is the polarity of the bar at A and at B? 

9. A magnetic north yiole of 250 uni 1 pole strength and a south pole of l(X)-unit 
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pole strength are placed 10 cm apart in air. (a) What force in dj'iies is acting on the 
poles? (b) Is the force attraction or repulsion? 

10. Two magnetic north poles of 500 and 250-unit poles, respectively, are placed 
15 cm apart in air. (a) What force in dynes is acting on the poles? (b) Is the force 
attraction or repulsion? 

11. What is the distance between two magnetic poles of like iiolarity having 
strengths of 1(K)- and 2(K)-unit poles, respectively, if the force acting on thi* poles is 
2000 dynes? 

12. IIow’ far apart must two magnetic poles of 
unlike polarity of 250-unit j)ole strength each he 
spaced in air if the force of attraction is to l)e 3(XJ0 
dynes? 

13. If two jioles of similar st rength are to have a 
foree of attraction of 1500 dynes through a distance of 
0 cm, what is the. strength of each ])ole? 

14. What strength is lequirtMl of a magnet if it is 
to exert a repulsion force of 0250 dynes upon a mag 
net of 250-uiiit poles that is 2 em away? 

16. If each pole of the horseshoe magnet of Fig. 

5-3!) has a strength of 25()-unit poles, what is the total 
force acting on the bar AB when the distance be 
t.wi'en the bar and the magnet is (a) 2 cm? (b) 1 cm? 

(c) i cm? 

16. What is the force in dynes on a magnet of 75 
unit pole strength when i)laeed in a lield whose inteii 
sily is 1(X) lines jier stjuare l•(‘lltimet er? 

17. What is the force in ounces on a magnet of 125 unit pides whf?ii ])laced in a 
firdd whose intensity is 300 oersteds? 

IB. If a magnet of 40-unit pole strength is to be acted u|)oii with a force of 3 oz 
when pliiceil in a magnetic held, wiiat must be tln^ intensity of the lielil? 

19. What is the strength of a magnid that is acted U|)oii witli n force of [ lb when 
placed ill a held whose intensity is 61.50 lines jier sipiare iiieli? 

20. What is the flux density in oersteds of a m:tgnet that has a cross sectional 
area of 4 sii cm and a flux of 5000 maxwells? 

21. What is the flux density in lines jier square inch of a magnet that has a cross- 
sectional area of \ \ by 1^ si|. in. and that has a Ilux of 50,000 maxwells? 

22. What cross-seetional area iniisl a magnet havi^ if it, must carry a flux of 
250,000 maxwells and the flux density is to be 50,000 lines per square inch? 

23. If a magnet is to be made of an irtm rod (round) anrl it is to carry a flux of 
080 maxwells, what diameter rod must be used if the /lux density is to be 5(K)0 lines 
pFjr square inch? 

24. Mow many lines of force extend outwaril from a pide of 50-unit pole strength? 

25. How many lines of foree extend tiulward from a jiole of 75-unit pole strength? 
What is the flux density 1 cm away? 2 cm away? 4 em away? What frnce will it 
exert on a unit pole 1 cm away? 2 cm away? 4 cm away? 

26. Sketch the magnetic field of the loudsjieaker magnet shown in Fig. 5-20fi. 
Describe the action when a current flows in the winding i)ri the pivoted bar (a) when 
a current is flowing inward at the left-hand lead, and (b) when a current is flowing 
outward at the left-hand lead. 

27. Sketch the magnetic field of the electromagnet of a loudspeaker as shown in 
Fig. 5-40. 
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28. A hoTHRshoe ma^nnl matin ttf (tlsI flipRl htus a riDSS sRi'linnal area of 2 by 4 
sq cm and carries a flux of 32,(KK) maxwells, (a) What is its flux density? (6) What 
is the permeability? (See curve, Fig. 5 36). (r) What is Ihe reluctivity? 

29. If the maRnet of Frob. 28 has a leri|^th rtf 10 cm, what is the reluctance of the 
magnet? What is its permeance? 

30. What is the reluctivity of a piece of cast steel 2 cm in diameter and carrying 
15,000 maxwells? 



31. A cast steel bar { in. sq. carries a flux rtf 3(KK) maxwells, (a) What is its flux 
density? (ft) What is the permeability? (r) What is the reluctivity? 

32. Wluit is tlie rrdiiclance of the bar magnet of Frob. 31 if its length is 4 in.? 
What, is its prirmcuncc? 

33. The electromagnet shown in Fig. 5-11 is made of casl steel anil carries a flux 
of 12,(KK) maxw'ells. (a) What is the reluctance of the U-shaped liar? {h) Wdiat is 
ihe reluctance of the straight bar? (f) What is the nductaiiee of the complete mag- 






Section A-A' 


Section B-B’ 



iietic circuit, iussuming that the straight bar fits tightly against the U-shaped bar? 
(ri) What magnetomotive force is requiroil by the magnet? 

34. If the coil of the electromagnet of Frob. 33 is connected in a circuit that will 
have 0.25 amji flowing, how many turns are required? 

36. If the coil of the eleci romagnet of Frob. 34 has a resistance of 24 ohms, what 
voltage is required to produce the required amount of current? 
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36. WliRii the straight bar is soparatefl from the U-shnpcil magnet of ProV). 33, 
additional relurtaiiRes in the form of air gaps are introduced at each pole. If the 
air gap at eaidi pole is I cm, find (a) reluctance of each air gai) (permeability of air 
= 1); (()) reluctance of the comjilete circuit; (c) the magnetomotive force required 
by the magnetic circuit. 

37. If the coil of the electromagnet of Prob. 36 is connected in a circuit carrying 
0.2.*) amp, how many turns are required? 

3B. A series magnetic path consisting of three reluctances of ().(K)65, 0.(K)32, and 
0.0018 is to carry a flux of 5(KK) maxwells, (a) What, is the reluclance of tin* circuit? 
(f^) How many ampere-turns are requireil to produce the IKix? 

39. A series miignctic jiath consisting of five reluctances of 0.(KK)25, 0.00125 
0.(K)25, 0.0075, and 0.0050 is to carry a flux of 8000 maxwells, (a) What is t he reluctance 
of the circuit? (/j) How many ampere-turns are required to produce the flux? 

40. A parallel magnetic circuit contains reluctances of 0.005, 0.0025, and 0.(M)75. 
(fi) What is the reluctance of the circuit? (fj) How many ampere-turns arc required 
if the total flux is to i)e 15,(X)0 maxwells? 

41. A parallel magnetic circuit contains reluctances of 0.0005, 0.0015, 0.00025, 
0.0003, and 0.0005. What is the reluctance of the eireuit? 



42. The electromagnet shown in fig. 5-42 is made of cast steel and carries a flux 
of 12,(KX) maxwells in section.s A A' and CC' and 24,000 maxwells in section liB'. The 
length of paths indicated as l\ to fs i-s 5 cm each. Assume that the bar fits tightly 
against the poles of the magnet, (a) W'hat is the reluctance of each path? (b) 
How many ampere-turns would lie required for a coil to l)e wourni around the center 
pole? 

43. Repeat iVob. 42 for a eondition when the bar is i cm away from the poles of 
the electromagnet. 
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IClootrinal instrumontH are f\s.seniial in order that the amount of voltage 
or current flowing in a cireuil can be measured, adjusted, or controlled. 
There ar(‘ so many dilTeient typi\s of electric metervS that a complete descrip¬ 
tion of all of them would nijt be practical in this text; therefore only those 
neeessajy for general electrical and radio miNisnremerits will be considered. 

6-1. Electrical Instruments. Voltage and cun ent are the two quantities 
most generally mt‘asurc‘d, as it is possible to calculate other quantities such 
as rfisistance and power by using th(‘S(* two values. A galvanometer is a 
mechanism used to measure current or voltagi*. The following outline 
classification and the bri('f descriptions of each type of galvanometer Avill 
cover tlie various kinds of ammeters and voltmeters generally used in taking 
radio measurements. 


1 . 


4. 


Principle of opcj ation 

a. Electrostatic 
fr IClectrothermal 
c. IClectromagnetic 

2. Mechanism 

3. Scale 

a. Uniform 

b. Irregular 

c. Multi|)le 
(/. C/Omplex 

6-2. Electrostatic Meters. 

high voltagi's and ar<' based on the theory that charged bodies of like polar¬ 
ity repel one another and t hose of unlike polarity attract one another. The 
ess4uitial parts of such a mi'ter are shown in Fig. 0-1. It consists of two 
liollow cylindt'rs connected by a pivoteil bar that also supports the pointer. 
When a din'ereiiee of potential is applied at AB, the two plates Pi and P 2 
become charged and a foree of attraction is set up causing the bar to revolve. 
Tlie amount of motion of the pointer is indicated on a scale calibrated in 
volts. The scale of such an instrument cannot be uniform because the 
force causing the bar to revolve is proportional to the voltage squared. For 
very high voltages the capacitors Ci and Co a*re left in the circuit, but for 
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Construction 
a. Portable 
h. Switchboard 

5. Application 

a. (lalvanometer 

b. Ammeter 

c. Voltmeter 

d. Ohm meter 

Eleclrostatie meters are used for measuring 
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lower voltages they are short-circuited, thereby increasing the range of 
the meter. 

The electrostatic mechanism is the only one used for electrical indications 
that functions because of the presence of a voltage. All the other mechan- 



Fid. 0-1EasDiitiiil peirts of the eltM-troytaUc voltmeter. 


isms are current-sensitive, producing pointer movements due to current 
flowing through the instrument circuit Figure ()-2 shows the internal 
construction of a commei cial voltmeter, using the electrostatic principle 
of operation. Two sets of plates, one movable and the other stationary, 



Fig. 6-2.—Internal ron.struetioii of a [■ominerriul cler-lrosisilir; voltmeter. {Wfialon Electrical 
InsirumcrU Corporatiim.) 

arc substituted for the hollow cylinders and bar of the simple electrostatic 
meter. A protective resistance is normally connected in series in the circuit 
of these instruments to limit the current flow in case of a short circuit 
between the moving and fixed plates. The electrostatic voltmeter is 
particularly useful on a-c circuits where the current taken by other median- 
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isms wrnilrl result in distorted values because of the IR drop of the instru¬ 
ment. 

6-3. Electrothermal Meters. Iloi-vrirc Type. IIf)t-\vire meters depend 
upon the; expansion and contraction of a w'wv canyiuf^ an electric current. 


' Scale 



Bfndinq 
post '' 


Adjusiment Pulley'’’' 


- Ph^phor 
bronze mre 


Tension i 
spring 


Binding 
■' posf 


Fio. 0-3.—Prinriplo of tho liut-wirc iiiett^r. Elrxlrkal Inatrument Corporatian.) 


A typical meter of this type is shown in Fi^- 0-3. Current is caused to flow 
through a platinum alloy wire A H, or any otluT mat (‘rial that will function 
properly. A phosphor-bronze wire is arranged with one end attached to 
the wire AB, one turn of the win' wound around the pidh'v supporting the 
needle, and the oth(*r (vnd at tached to a tension si)riiig. As t he wire bp(a)m(*s 
hot., it sags, causing tin' poiiit(‘r to inovi' across thi' s(%‘d('. The purpose of 
the sj)ring is to maint ain a steady pidl so t hat tlu' movement, of the pointer 
is proportionsd to tin* lengthening of the wire. 'J'ln* expansion of the wire is 
proportional to tin* heat, and as the lu'at is proportional to tin* current, the 
sc-ah^ can be calibrated to indicate amperes. As the voltage is directly 
proport ioiud to the current, the scale can also be calibrated to indicate volts. 
Instability due to wire sl ietch and lack of amltient t('mperature compensa¬ 
tion have math’ this nn'chanisrn impracti(;al)le. 



Fill. 6-4.— Friiii'iph? of llu' 1 lierinoi'iiuple iiu'tor. (IFi’seifi KlrvtrirfU InutnininU Corporation.) 

Thcrmocouplv Type. A practical application of the thermal effect of 
eleidron (low is obtained by using the principle of the thermocouple. 
Figure (1-4 is a simple diagram of a typical meter of this type. Current is 
forced to flow througli .1/^ and in so doing flows through the junction of the 



Art. 6-3] 


METERS 


201 


two dissimilar metals EC and ED. The current in AB produces lieat which 
causes a d-c voltage to be produced across CD. This voltage forces a current 
tlirough the galvanometer which is a very sensitiv'C moving-coil instrument. 
Movement of the pointer is calibrated to indicate tlie amount of current 
flowing in AB. 

Since the voltage developed at the junction of a thermocouple is a func¬ 
tion of the temperature dilTerenct' of its hot and cold ends, this temperature 
difference must lx; caused only by Ihe current being measured. For accu- 


Thermocoupfe 



Insuhfing MicQ 



I'lG. (i-5.— A ri)inijpiis:itci[ lii>:il injL:: ■•liMiiriit rjf m I lii‘riiii)r'i>ii|)lp iiicl or. [Wvston Kloctrical 
InstTumv.rit Corporation .) 


rate measuiamienls, points C and D must l)e at tlie mean temperature of 
points A and B. l"his is aiaomplished by attaching the emls of the ef)Uple 
C anil D to the center of sepsirate copper strips whose ends are thermally in 
contact with .4 and B but which are electrically insulated from them. 

Uses of Thermal-type Meiers. Thermo instruments measure the effective 
value of the current floAving and therefore can be used on d-c, a-c, a-f and 
r-f currents. Tliey are used extensively when' wave forms or freiiui'niaes 
are such as to cause errors in other types of meters. As no stanilard ampere 
is available at radio frequencies, thermo instruments are generally cali¬ 
brated at fiO cycles. Instruments giving accurate readings at frequencies 
up to 100 megacycles can Ix^ obtained. 
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The amount of heat that is developed in a circuit will vary as the square 
of the current flow. InereasiriK the current will cause a greater movement 
of the pointer as the current goes through a uniform rate of increase. On 

the meter scale, the divisions for 
equal changes of current will be 
further apart at the high readings 
/ ^ than at the low readings, 

i I Permanent-magnet Moving 

! ' f Coil. Theory. M[)st of the 

' ^ meters used commercially are based 

I electromagnetic principle. 

I \/ / T!H\se nu'l f'rs may hv furtlu'r classi- 

j fied as follows: (1) permanent inag- 

; , ^ net, (2) iron vane, (3) dynamometer. 

As the name implit^s, tlie operation of 
tht‘ perinanent,-magnet movable- 
coil meter di'pends upon the pres- 

I'l'i. (’iiiimic^rfiul inultiriiiiKi? (iiuniio |»nc.e of a magnetic field whiidi acts 
CDiirjif? iiiPtor. (Wcuton Elecirir.al Tnstru- i i , , t A^ • 

mju. cWi^rMnn.) »'P'*n movable element. In tlu,>3 

type, illustrated in Fig. ()-7, a small 
coil of wire C wound on a light cylindrical frame of aluminum carries the 
tairrent to be measured. The frame is so pivoted that it will revolve 
freely betwetai the soft iron core D and the pole pieces N and S of the 
Ijermanent magnet /^ Att,ached to the aluminum frame is a pointer 
whi(;h moves across the scale, thus 
indicating tlie deflection made. 

This type of meter is applicable 

only to direct luirrent, as no re- /y f f 

sultant forces can be set up when 

alternating current flows in coil C, ^ 

Instruments of this typ(' may be )7 

i’alil)rated io imlicate current or, if 

connected in serii\s with a proper _ 

resistance, to indicate voltage. ]_£_ 

Types of Scales Produ4^cd with A _| D _ B 

IHcccs Ilainng Concirntric Faces. ^ 

I k;, b-i. I'..ssriitiiil part.s nf the pernianpnt- 

Hecaiise the (a)il moves between the magm'i luoving-roil niptor. 
pole [)ieci's of the permanent magnet, 

this type of instrument is also known as a oioci7tf/-coi7 mcchanisin. In 1881, 
d’Arson val patented an instrument of this type, and permanent-magnet 
moving-coil mechanisms are often referred to as d'Arsonval instruments. 
The coin'cntional permanent-magnet moving-coil mechanism is supplied 


I'k;. li-7. part.s nf the pernianpnt- 

inagni'l luoviiig-roil iiiptor. 
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with core and pole pieces having cnnccntiic faces Such mechanismt) pio- 
duce the scales shown in Fig 0-10 Scale *1 is that of the mechanism itself 
sho^Mng iinifoim divisions ftu lineai iiu leases in i in lent in the moving coil 



I II I) S Ml r li iiiiMii 1)1 1 I >11111111 III pi I III nil III III i^rii I iiiiiMiii; [ Djl iiHlir (niHei/i 

JLidiiml luhtiaynmi ioipoialioi 




I ir, f>-n V loriiiTHrridl meter uaing the methanibiii bhown in tig 0-8 (Ittslon hlftlrical 
InaiTumtTxt CoTporaiwTi) 
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shaped or eecentrie pole pieces resulting in uneven flUx distribution in the 
air gap and a nonlinear relation between current in the moving coil and 
pointer movement as shown in Fig. 6-11. Scale A shows the effect of the 
eccentricity illustrated. When used with square-law heating elements, 
the resulting scale B becomes more linear. When used with sound-level 
instruments, the logarithmic scale C becomes more uniform. These scales 
not only are more uniform but are readable over a larger portion of their 



Fit;. 0-12.—lOarly irt)ii-vaiii! instruiiieiil. of (Ik* .siirliDii lyin*. {Wcalon Etcr.trical Inatrumrnl 
Corporation.) 

arcs. Meter scales produced by using eccentric pole pieces are called 
expanded scales and are very useful in adapting pt’rmanent-magnet moving- 
coil mechanisms to r-f and sovind-level instruments. 

6-5. Iron Vane. Suction or Plumjer Type. The principle of the iron 
vane was first utilized to construct a mechanism for measuring current in 
the suction or plunger type of instrument illustrated in Fig. 6-12. The 
current to be measured is made to flow through a low-resistance solenoid, 
causing it to suck the movable iron core into the coil. How far the core is 
drawn into the coil will depend upon the amount of curr(*nt flow. The 
pointer being attached to the movable core will move over a scale that has 
been calibrated to indicate the current flow in amperes. An instrument of 
this type has large errors due to hysteresis, or lag, and to the excessive mass 
of its movable iron parts. It is practically obsolete and has been super- 
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curp.s communi(:ati()n.s, in TnoniLnrin#; in broadcast studios, and in measur- 
ing loss or gain on transmission lines. 

A reel i firr is a dr'viic tliat- changes an altt^rnatirig current to a direct current. 
It operat[*s on tlu* i)riiiiapli‘ that tin* resistance to current flow is high in one 
direction arul low in thi; o|)|)osit.e din^clion. Rectihers used lor instrument 
work are of the copper oxid(^ type. A disk of copper is oxidized on one of 
its sid(\s by a special heat-tnaitment, the temperature used being approxi- 



Fu:. fi-l5. Till* riJiiiUMitrii'-tv'pe imiviiiB iroii-v:iui‘ mrrhaiii.'.in. (ll'ra/rj/i EU rlrical InslTumprit 
y'orjwraiwn.) 


mately 1800° Fahrenheit. Resistance to (airrent flow from oxide to copper 
is very low, while the resistance to current flow in the opposite tlirc'ction is 
very high. If only one disk is used, an intermittent current will flow 
through the meter as no current will flow during that half cycle when the 
current is supposed to flow from copper to the oxide. In order to obtain 
full-wave rectification, that is, to utilize both halves of the a-c cycle, a 
bridge circuit is used. Such a circuit requires four disks connected as shown 
in Figs. O-IS and O-U). The rectified current is now used to activate a 
permanent-magnet moving-coil instrument. The assc;mbly of disks, illus- 
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trated in Fig. 6 -] 9, is hermetically sealed in a Bakelite housing (sec Fig. 
0-18) to ensure constancy of performance with time. To use this type of 
instrument as a voltmeter, it is necessary to connect a resistance in series 
with the line to limit the current to the rating of the rectifier unit. The 
efficiency of a rectifier-type instrument is generally about 90 per cent, the 
losses being due to the changes in temperature, the current blocked out by 
the rectifier action, and the resistance of the moving coil. It can be used 
to measure alternating currents of freipieiicies up to 20,000 cycles per second 
and has an error of less than 1 per cent per 1000 cycles when calibrated at a 
definite frequency. 

6-B. Ammeters. How to Connect an Ammeter in a Cirenit. An am¬ 
meter is an instrument used for mc'asuring electric currents. It is always 
connected in stuies with that part of a circuit 
whose current is to be measured. In Fig. 0 20, 
ammeter 1 is connec.ted in series with the line 
to indicate the line current, and ammeters 2 and 
3 are connected in series with the lamp and fixed 
resistance, respectively, to obtain tlieir individ¬ 
ual currents. Being comna;ted in series, an 
ammeter must carry the current passing through 
that part of the circuit in which it is connected. 

In Fig. 0-20, if ammeter 1 has a resistance of one 
ohm and the line curi ent is 10 ampiues it follows 
that there would be a 10 -volt drop across the 
ammeter. This wouhl causri the ai)i)liance and 
lamp to operate on a voltages of 10 volts less than 
intended, thus decreasing their final output anil efficiency. The volt¬ 
age drop across the nietei- is decreased hy making the resistamte of the 
meter as low as possible. The value of this drop varies (usually about 50 
millivolts) Avitli the type of meter and the manufacturer. Most ammeters 
are designed for 50-millivujlt drop af fidl rated current. 

Precautions in the Use of Ammeters. If the current flowing through 
an ammefer is 10 amperes and its voltage drop 50 millivolts, then its resist¬ 
ance must be 0.050/10, or 0.005 ohm. If the* line voltage is 110 volts and 
the ammeter is connected directly across it, the current would be 110/0.005, 
or 22,000 amperes. As the meter is thvsigned to carry only 10 amperes, it 
will be damaged. Therefore, ntwer connect an amTneler across the line. 

The current due to an unforeseen .short circuit, an overload, or even the 
starting of a motor is large enough to injure an ammeter if left connected in 
the circuit. To prevent damage due to factors that cannot be foreseen, 
the ammeter should always be 'protected hy cA)nnecling a short-circuiting switch 
across it, as illustrated by , S 2 , and *^3 in Fig. 6-20. The switch is always 



I'li;. 0-1 (i.—E.swential parts of 
till) iiynainoini;li?r-type iiustrii- 
1111‘iit. 
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kept dosed cxeept when ii reading is to be taken. If, upon opening the 
switch, the nee<llc swings backward or completely across the meter scale, it 
should Ixj dosed instantly to prevent damaging the meter. The necessary 



Fir;, (i-17.—C’litaway vinw illiistratiiiK IIip fon.structioii of ii noinmorKial typp of clynamometBr 
mc'chaiiisni. {Wt Hhm ElrrlriraL J nstriimcnt Corporation.) 

changes to the eireuil should then he made before the switch is again opened. 
If the meter needle moves backward, it indicates a reversal of polarity and 



Fir. 6-lS.—A popper oxiilp rpplifier and thn bridgo pircuit vLsod for a inilliamincter. {Wratnn 
Ekvirical Inatriunnii Corjxiration.) 

the lead-in wires must be interchanged to make it move in the proper 
direction. 

6-9. Voltmeters. How to Connecf a Voltmeter in a Circuit. A voltmeter 
is an instrument used for measuring voltage. It is ahvays connected across 
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that part of the circuit whose voltage drop is to he measured. Figure fi-20 
.shows the correct Avay to connect voltmeters in a parallel circuit. Volt¬ 
meter 1 indicates the line voltage; voltmeter 2 shows the voltage across the 
lamp; and voltmeter 3 shows the voltage across the lixed l esistance. 



I’m. 0-19.- —A ropijer uxiclL* rertifipr :iiid thp i“innnl u.spil fur ii 

Eliivtriciif 1 IIstr 1 1rncut ('nrp) 


The construction of a voltmeter does not dilTer rnal tM ially from that of an 
ammeter in so far as the mf)vement.s and magnets aie concerneil. The 
moving coil oJ a voltmeter is usually wouiul with a great it numl)er of turns 
and of finia' wire than that of the amni(‘ter. As a voltmeter is connected 
directly across the line, it is tlesirahle that it take as little current as is 
practicable. The current in t he moving coil of a voltmeter is generally the 
same as that in an ammeter; this is approximately 0.01 ampere. Because 



Fiu. 6-20.— Fnrrpi't iiiRthurl of roiiiiRctiiiK aninioli'r.s and vultinDtcra. 

of its comparatively low resi.stanc(?, approximately 20 ohms, tlui moving 
element cannot he connected directly acro.s.s the line. It is therefore neces¬ 
sary to connect a high l esistance in series with it. The value of this resist¬ 
ance depends on the resistance of the coil, or moving element, the current 
rating of the instrument, and the full-scale v(jltage desired. 

Example 6-1. If thn rn.si.stanpc of tlin inoviiiK noil of ti voltiiintor is 20 ohms and 
the current rating of the instrument is 0.01 ampere, what amount of resistance must 
he added to give a full-scale reading of 150 volts? 

Given: Find: 

E = 150 volts Ra = ? 

ii'e = 20 ohms 
Im = 0.01 amp 
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Solution: 

E 1.59 

Rj,= =-= 15.000 ohms 

Im O.OI 

Ah tho iriHiruiiKint Ikih a. rt-HiHtiiriro of 20 ohms, this inuans that 

Rm = Rt - Rc 
= 15,000 - 20 
= 14,980 ohniH 

Methods of Obtaining Additional Voltage Ranges. VollmRtprs are gen¬ 
erally marie with niorr* Ilian one voltage range. I'o aetomplish this, the 
high resistanee is tapped to give the voltage? range desired (see Fig. G-21), 


Moving 

coit 



~ 30 VO its /SO vo/fs 

Fif!. 0-21. Inli'rnal r’irtaiiL uf a voltmeter having a 30- aiul l.5()-vf)lt range. 

Exdinplv 6-2. If llip volliiiflnr of Jvxaiiiph* 6-1 is to have a 3()-voIt si'ale in aildi- 
tioii to llu‘ 150-volt seale, wherr? mii.^t the 14,980-ohiii resistance be t!i,[)p(?il.^' 

tiivoii: Find: 

E = 30 volts R^ = } 

Re = 20 ohms 
Im = 0.01 amp 

Solution: 

E .30 

Rt = =-= 30(K) ohniB 

Im 0.01 

Rs = Rt - R. 

= 3000 - 20 
= 2980 ohms 

Multirange voltmeters, sueh as tliosc used in radio te.st equipment, use 
tlie rd)t)ve jii’ineiple. Tlie resist anee must be large ent)Ugh to withstand the 
highest voltage and must have a tap for eiudi additional voltage range 
desired. 

Sensitivity of Voltmeters. When a voltmeter is used to measure the volt¬ 
age aeross a resistor (or any other type of cireuit element), a parallel circuit 
is formed iK'eause the voltmeter acts as a resistor eonneeted in parallel with 
the circuit element whos<^ voltage is being measured. From Art. 4-9 it can 
be seen that tl\e resistance of a parallel circuit depends upon the ratio of the 
resistances of its individual branches. For example, if the resistance of the 
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voltmeter is equal to that of the circuit element being measured, the total 
resistance of the parallel combination is one-half (or 50 per cent) of the value 
of the circuit element's resistance; if the ratio ivS increased so that the resist¬ 
ance of the voltmeter is live times that of the circuit element, the total 
resistance of the parallel coml)ination is 83.3 pvr cent of the value of the 
circuit element’s resistance; and if the ratio is furtlier increased so that the 
resistance of the voltmeter is ten times that of the circuit element, the total 
resistance of the parallel combination is 90.9 per cent of the value of the 
circuit element’s resistance. It can be seen from the above example that 
unless the resistance of a voltmeter is many times greater than the resist ance 
of the circuit element whose voltage is being measured the total resistance of 
the newdy formed parallel circuit will be appreciably lower than that of the 
circuit element alone and an incormet voltage reading may be obtained. 
This is particularly true in radio, television, and electronic circuits Avhere the 
circuit element being investigated is often found to be part of a series circuit 
and considerable error will result from the use of a voltmeter of relatively 
low^ resistance. ITse of a low-resistance voltmeter also produces error in the 
voltmeter readings in these types of circuits because the voltage output of 
the powder source may be lowered when the voltmeter is connected owing 
to the relatively high current taken by the meter. 

The sensitivity of a voltmeter is indicated by its ohms 'per volt rating. 
This rating is obtained by dividing the resistance of the voltmeter for a 
particular range by its full-scale voltage value of that range. For (example, 
the sensitivity of a voltmeter having a resistance of 150,000 ohms for a 
150-volt range is 1000 ohms per volt. The sensitivity of a meter increases 
w ith an increase in its ohms per volt rating. 

When measuring voltages in power circuits, accurate values can be 
obtained with a voltmeter having a low' sensitivity, such as 1000 ohms per 
volt, as the resistance of these circuits is usually less than 1000 ohms and 
often less than 100 ohms. The resistance of many electronic circuits is 
very high, being of the order of more than 100,000 ohms. In measuring 
i^oltagcs in these circuits, accurate values can be obtained only with a 
voltmeter having a sensitivity of 20,(X)0 ohms per volt or higher. The 
sensitivity required of a voltmeter depends largely upon the resistance and 
the type of circuit whose voltage is to be measured. 

Precautions in the Use of Voltmeters. Voltmeters do not form a definite 
part of a circuit as do ammeters. It is therefore not necessary to connect 
voltmeters permanently in the circuit. Because a voltmeter usually is 
connected only when a reading is to be taken, few'^er meters are needed as one 
meter may be used to take readings of several circuits and circuit elements. 
A voltmeter may be damaged by excessive voltage; but since it is connected 
only when a reading is to be taken, it may be disconnected instantly if any 
overvoltage condition is apparent. 
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6-10. Meter Scales. Uniform and Irregular Scales. In scleotioii of 
meters, it is well to choose a meter of such a range that the rt^adings will be 
in the rniildle two-thirds of the scale. The n*adings taken from this part 
of tlie scale are morr* accurate than those at t he extreim* ends, and there is 
also less danger of rlarnaging the needle. Meter-scale divisions may be 
uniform or irrcrgular. A uniform scale is one that has ttu; entire scale 
divided into (Mpial divisions. If full-scale deflection is 150 volts, the middle 
of the scale will be 75 va)Its, f)nr*-sixth of the scale ^VJil be 25 volts, and two- 
thirds 100 vrdts. To fiiul the middle two-thirds of a scale, subtract one- 
sixth of tlu‘ full-scale r[-ading from eacli end. For example, a voltm(*ter 
having a 150-voll range will givc^ l)est r)perating results when used for 
measuring voltages Ix'lween 25 and 125 volts. 




On an irregular scale, the divisions are not etiual. Keferring to Fig. 0-22, 
it can l)e seen that the scale divisions are very close at t he low readings and 
tliat the space between divisions increases at the liigher readings. Close 
examination of Fig. 0-22 shows that the middle two-thirds of the irregular 
(15()-volt raiigi') scale (’xteiids from approximately 03 to 135 volts. 

MidUplc and Complr.r Sralvs. A common practice is to liave one scale 
indicat e more than one value. On such a scale, each division will represent 
two or more values, each t)ne being a multiple of the others. Scales of this 
type are therefore referred to as fnultiplc scales. Ileferring to Fig. 0-22, 
when the needle is ovei’ the UK) mark on the center set of numbers, it will 
indicate UK) volts if the 150-volt range is being used, 50 volts for the 75- 
volt range, and 200 volts for the 3CK)-volt range. 
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Tf*st iiihtrumrnts iisrd for rommuniration work usually ronsist of onp 
motpr that is rapable of indipatiiiK a number of diffprent valiips, such as 
(1-p purrpnt, d-c voItap;p, a-c* voltaKP, and rpsislaiipp. Inslrumpnls of this 
tyjip usually ronsist of two or inorp mult^plp soalos ami arp thprpforo known 
as compJtjr-scaIr meters. Carp must l)p takpii in iisin^* a coinjilpx-spalp 
metpr to road tlip porrpct scale, that is, the one corrpsponding to the 
spttins for A^hich the metpr is adjusted. 



In, IwJi V [ (niilnii.OiiJii 1-1 il-i ilhi^ltatiMK an r.i llin r-DiiipIpx 

srnlr (irra/on EIntrual Jjntfununt f'in/tornfwn ) 

6-11. Parallax. To read a meter eorrertly, th(‘ py(*s must b(‘ paralhd 
to the scale of the inslrumcnt. Jf the eyes arc iio( ])arallel with th(‘ meter 
scale, a false readinj^ aaIH be ol^tainecl because of tin* space btdAAt^en th(‘ 
scale’and the needle. R(‘ferring to Fig. tI-21, a (‘orrect n-adirig can be taken 
only when the eyes are parallel to the scale; re.'irlings taken at any other 
position will be incorrect. This error in reading meters is due to paraltax. 

To avoid error in reading meters due to parallax, a mirror is placed below 
the scale to be read, as showm in Fig. 0-24. When the eyes are in a direct 
line with the needle and the scale, the reflection of the neialle cannot be 
seen in the mirror and the reading taken at this point is correct. 

6-12. Shunts. Calculation of the Resistance of thx Shunt. The current 
which may safely be led into an ammeter movement is limited by the 
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current-rarrying capacjity of the moving element, which must necessarily 
be small. To increase the range of such instruments, shunts and current 
transformers are used, the former witli direct currents, the latter with 
alternating currents. 



r’ji;. 0-2-1. I'JTDr.s [jus-siblc in ronrliiig iriptprs Ix'fau.sL* nf parallax. 


It has previously been stated that the movement’s cuiTent must be 
very small, generally about 0.01 ampere. This is accomplished by con¬ 
necting a low resistance in parallel with the meter. The ammeter is in 



Fia. 6-25.—Proper [■□nnortioiis for use of a shunt with a inilliv'oltmeter. 


reality now a voltmeter (see Fig. 6-25) indicating the voltage drop across 
a resistance. This resistance is called a shunt and forms a definite part of 
all ammeters. 

Referring to Fig. 6-25, 

I SB ~ shunt current 
Im — meter current 
Rsh = shunt resistance 
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Rm = meter resistance 

E = voltage drop iicross meter and shunt as indicated by 
voltmeter 

J hen Esh = IsH X R-sh (b-1) 

Em = Ij^ X Rm (G-2) 

As the voltage drop across the shunt and the moving coil are equal, then 


and 


Isu X Rsh — I At X Rm (h-3) 

D J M X Rm A \ 

Rsh =- j - (b-4) 

Ash 


As the meter current is generally less than 0.01 ampere, the current in 
the meter shunt will differ from the line current by only a very small 
amount when the line cur rent is one ampere or more. For ammeters rated 
at one ampere or mt)re, sufficiently accurate values of shunt resistance can 
bo obtained by using Faj. (G-4) and assuming that the shunt current is 
equal to the line current. 

For ammet ers rated at less than one ampere an error of more than one 
per cent, which is the maximum amount usually permitted, may result if 
it is assumed that the current flowing in the shunt is equal to the line cur¬ 
rent. For these meters, more accurate values of the shunt resistance 
may be obtained by using the value of current actually flowing in the 
shunt as provided by the equation 


IsH — /lin 


(6-5) 


Exarnph 6-3. If an iristrumont that is to be used ns an ammeter has a resistance 
of five ohms and the meter current required to obtain fiill-serile deflection is 0.01 
ampere, what resistance shunt must be used to give full-scale deflection with 10 
amperes flowing? 


Solution: 


Given: Find: 

Rm = 5 ohms Rsh = ? 

Im = 0.01 amp 
IsH = 10 amp 


^ Rm XIm ^ 5 X 0 . 01 
JsH 10 


0.005 ohm 


Example 6-4. A milliammeter movement has a resistance of two ohms and re¬ 
quires one milliampere to obtain full-scale deflection. What per cent error is ob¬ 
tained in shunt resistance if in calculating the value of shunt resistance it is assumed 
that the full line current of 10 milliamperes flows through the shunt? 

Given: Find: 

Rm = 2 ohms Per cent error = ? 

Im "= 1 ma 
/lion = 10 ma 
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Soluti on: 

(AnauminK ahuiii r urrenl, Rqufil to lino current) 

Rm y. Im ^ X f)-001 

/l.ru ” 0.01 

(Uaing correct value of ahurit current) 

Isi, = /iMu- - Im = O.OJ - 0.(K)1 = 0.(K)0 amp 
Rm X Im _ 2 X 0 -001 

Isn ~ 0.00!) 

0.222 - 0.2 
0.222 


R»n = 

ue of 

HU = 

Rsn = 

Per I'luiL l•rnIr = 


= 0.2 ohm 


= 0.222 uhm 
X 100 = 10 ])er cent 


I'ypvs nf Shunts. Whcui a .shuiil is (‘umiectcMl piM’nuiiicntly iiisith; an 
ainiTU‘t(‘r, il. is (‘lillcd an internal shunt. VVIk'ii it is ili\sirt*(l U) iiicroasp tho 
raiig;o ol an animptiM', an pxtprnal shunt is usod. Ivxtprnal shunts consist 



Fmj. 0-20. Ammeter slmiils: left. miiltiple-raiiKe rotary-swit ili riKlil, siiinlf-i aiine 

external type. (O’csfmt Fltrtrirnt Jn.strumcnt {'oriKtrtilion.) 

uf a low r('sistanri‘, usually mang;anin brazed to 1 wo eoinparativi'ly lar.i^e 
eopiter blocks. Two sets ol' Itindinp; ])osls are fastemnl ti> these blocks, out' 
lor carrying; the line current througih the shunt and the oilier tor the amme¬ 
ter leails. These amineler leatls ai-e cidibrated to be used wit h a partieular 
instrument, and theretore no other leatls should lit* used. 

For g;r('ater convenience, a iiiultiple-i angie rotarv-switidi type of shunt 
can Vie list'd. It is so construct ed that any one of a number of rangt's m;iy 
lie selected by mert'ly turning the switch handle until tht' indt'x points to 
the desirt'tl range. Multirange ammeters use a similar rotary-type adjust- 
al)le shunt that is pennanently connected to the gah anometpr. 

6-13. Multipliers. Calvuintion of the Resistanrv of a M ultiplicr. The 
range of a ^■ollmeter having its resistance incorporated witViin the instru¬ 
ment may be increased by tVie use of an external resistance connected in 
scries with the iiistriiiip'iit. External resistances used in tliis way arc 
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fjillptl inulti'plicrs ami are usually placed within a perforated box, the ter¬ 
minals being brought outside. The multiplying power of eacli terminal is 
indicated by a marker. The equation showing the relation of the resistance 


Looted 



r)!'the multiplier [^Rkx), the resistance of th(‘ meter (/r’.w), and the multi¬ 
plying i)ower (;1/) may be expressed as 


M 


Rex "h Rm 


(G-6) 


Exntnpin O r). If ii vt>llim‘i(‘r li;i.s :i rcsisl ;iiirp dT 15,000 ohms aiid iiii Rxtoriiiil 
ri^sistiiiu-f of 15,01)0 ()hni,s is fomiiartrd in snrios with il, wliril is llic ]niilfi|)lying yjownr 
f.>f tiip p.xtprmil rn.sisljiiuu*? 

Given: Find: 

Il\t = 15,000 ohms M = 7 

Eex = 45,IX)0 ohms 

Solution: 


M = 


Rex + Rm 


45,000 -}- 15,0(K) 
15,(X)0 


60,000 

15,000 


= 4 

Comimrcial Types of Multipliers. Multipliers may l)e used for alter¬ 
nating currents up to 750 volts as well as for direct currents. For all 
a-c voltages higher than this, it is advisable to use potential transformers. 
Series resist ors for use as multipliers take varif)us physical forms, depending 
on the aj)plication. Self-contained ranges use small compact spools for 
the more sensitive instruments and card-mounted types for those requiring 
more current. These are shown in Fig. (i-28. If the series resistors gen- 
eratt^ more heat; than the instrument case can radiate, the resistors must 
be mounted externally. The special tubular resistor shown at the top 
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of Fig. 6-28 is wax filled, hermetically sealed, and electrostatically shielded 
to ensure long life at high voltages in humid or salty atmosphere. 

6-14. Low-range Meters. It is sometimes necessary to measure cur¬ 
rent strength of only a few thousandths or a few millionths of an ampere; 
voltage drops may also be only a few thousandths of a volt. Measure¬ 
ments of these kinds are made frequently in radio, telephone, television, 
and vacuum-tube work. These small quantities are expressed in milli- 
ampercs, microamperes, and millivolts. 

Instruments used for measuring very small currents are called micro- 
arnmHvrs and are calibrated to read to millionths of an ampere. 

Instruments used fur measuring small currents arc called milliammetcrH 
and are calibrated to read to thousandths of an ampere. 



Km. (i-2K.—Rp.si.stor.s for \i.sp with vnltmetpr.s: tnp, wax-lillpil hprmrtifally sealptl typp; Inwpr 
loft, Hpnol tj’pp; lowpr right. f'lirJ-iniiunted typp. (W'fsfofi Klcctrical Instrurnvnt CoTjioratinn.) 

Instruments useil for measuring small voltages are called milHvolU 
vuHcrs and are calibrated to read to thousandths of a volt. 

6-16. Ohmmeters. AjJimHcr-voltmetrr Method of Alcasiiring Resistance. 
Using an ammeter to measure the cuiTent flowing through a resistor and 
a voltmeter to measure tlie voltage drop across i^ (Fig. 6-30), the resistance 
may bo calculated by using Ohm's law, R = E/I. If this method is used 
to measure high resistances and the voltmeter is connected as shoAvn in 
Fig. ()-30a, the ammeter will measure the sum of the currents taken by 
the voltmeter and the resistance being measiireil. The current flowing 
through the ivsistor is very smidl, ami the voltmeter current may be as 
great or greater, depending on the resistence of the voltmeter used. The 
resistance calculated by using this current value will be in error. Connect¬ 
ing the voltmeter as shown in Fig. 6-30f) will eliminate such errors. 
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(c) 




-©- 





r6; 

FoZimcter Afct/iod oj Measuring High Resistances. High resistances m-iv 

l.e measured by using a voltmeter whose resistance R„ is known and con^ 

thu b' °T" ™ ^ is taken with the key closed 

voh the voltmeter will then indiLte the 

voltage of the power source, Another reading is taken with the key 
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Opened, Uius adding the unknown rcKistanee R:k in series with the voltme¬ 
ter; this is the same as inertaising the range of tlu^ vultmeter by adding a 
seriiis resistor. The voltagi* reading would tlieiefore be the tlrop across 
the voltmeter its(;lf. 'riie voltag(j drop across the unknown resistance 
will be 

Ex = Rt — Em (h-7) 

Tliese two voltagt? djops may be expresstal in terms of current and 
resistance as 


Ex — / X 


( 0 - 8 ) 


Ext — /X R.m 


(b-O) 


Sine(‘ tht‘ current / is the* same in each resistanee, tlividing Eq. ((i-S) 
by (0-!)J 


Ex _ Rx 
E M R M 


( 0 - 10 ) 


Solving for the unknown resistaina? l)y multiplying both sitles (d' tlie 
(apiatioii l)y Rm, 

/At = /^« X (0-11) 

Em 

Sul)stiLuting for Ex its eqiiivak^nt Et — Em, 

Rx = //.« X (0-12) 

Em 


T\sing this formida, it is vf‘iy easy t i) det(‘rmin(* thi' value of high re- 
sistaiu'i's. The resistaiiee of a voltmeter is sometimes markial on thi‘ me¬ 
ter; if not, it can bi‘ oljlained from the mainifaeturer. 

Basir Prinviph of ti\.v Ohmmvivr. 
An ohmmeter is an instriiimait tliat 
indii'ates the resistance of a circuit 
or part of a cinaiit directly in olims 
without any neetl for calculations. 
Its principle of operation is based 
on the voltmeter method of measur¬ 
ing resistan(*e. Figure l)-32 is a sche¬ 
matic diagram of the internal circuit 
of a simjjle ohmmeter. In this in¬ 
strument, unit cells are used as the power source, arul standard cali¬ 
brated resistances R\ and R are substituted in place of the voltmeter. 
The milliammeter scale is calibrated to indicate the resistance in ohms 



i 


rii;. ' ViiUnu’ler of im'ii.siir- 

iiifi; tiiicl) I 
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directly. When the terminals Ti and are short-circuited and the bat¬ 
tery cells are ncAv, so that E„ = 4.5 volts, then /?i + R ^ must be equal to 
4500 ohms in order that the milliammeter read its full-scale deflection of 
one milliampere. 

Ri + Ra = j- = = 4500 olims 

Jm U.UUi 

Variable Series-resistor Method of Compensating for Varialions in Cell 
Voltage. As the voltaf^e of the unit cells will diminish with their ap;e, tlu‘ 
resistance Ra is made adjustable to compensate for the variations in Aaill- 
age of the power supply. If the voltaf^e £*« decreases to 4.2 volts, then 
Ri + Ra must be equal t o 1200 ohms in order to obtain one milliainpiM e 
of current. When the cells l)eeome tot) AA'eak, it will lU) longer be |)ossibl(' 
to adjust the resistance Ra to obtain a flow of one milliampere and lu'w 


4.5- 
volfs I 


\l00i 

-MsN\N 


JOOOn. 


Eb 

4.5 volts 


Rt 

-WWW— 

4000n. 


^P'i. ' -' 


Tounkno¥vn\\ 

resistor 


k 

^¥vn 

r 


O-I mat. 

Fit;. fi-r{2.—f’irruit of a .siinplo olniinintrr. 


cells must be sul)stituted in place of the old ones. In th(‘. ohmm(d(;r being 
considered, this will V)e netaNssary wlien the total voltage of the cells dro])s 
below four vf)lts. When the terminals 'l\ and Tz art^ short-carcuited, the 
resistance of the external (-ircuit is zero and the inilliammetrT scale is maj kcMl 
to indicate zero t)hms instead of f)ne milliampere. If an unknown r(‘sist- 
ance Rx is placed across the terminals 7'i ami 7% , the total rt*sistanee- of 
the circuit is increased anti the current flowing in the circuit, as iiiflicjited 
by the milliammeter, will decrease. Suppose the milliammeter indicates 
that 0.5 milliampere is fltnving in the circuit; then 

R, + R^ + = 9000 olims 

O.tXlOo 

as R\ Ra = 4500 ohms 

then Rx = 0000 — 4500 = 4500 ohms 

rherefore the milliammeter is marked to indicate 45(K) ohms instead 
of 0.5 milliamp(‘re. In a similar manner, the entire scale can be calibrated 
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to indiratc the rcHistanre of the external circuit in ohms. The highest 
reading that can he made with any degree of tucurat y is approximately 
10 times the center reailing, and the lowest reafling is approximately one- 
tenth of the center reafling. The ohmmeter being discussed will therefore 
have an approximate range of 450 to 45,000 ohms. 



Fir. 0-33. A rommerrml olunmL^tC'r. (ll'fflffin ElfClTXcal InslTumrnt CorpoTtUinn ) 

As tlie battery voltage decreases, the resistance of the circuit is lowered. 
In this case Ri + R^ is decreased to 4200 ohms when the battery voltage 
drops to 4.2 volts. If the milliammeter indicates that 0.5 milliampere is 
flowing in the circuit, then 

Ri + JtA + Rx = = 8400 ohms 

U.UUUd 

as Ri + Ra = 4200 ohms 

then Ri = 8400 — 4200 = 4200 ohms 

Asthe ohmmeter has been calibrated to indicate 4500 ohms at this point, 
the reading will be in error, as it now should read only 4200 ohms. The 
readings at all other points on the scale will be decreased accordingly. 
Resistance values obtained with instruments using this method of adjust¬ 
ing for decreases in battery voltage will not be accurate w'hen the battery 
voltage drops because of the aging of the cell. 
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Variable Parallel-resistor Method of Compensating for Variations in Cell 
Voltage. In order to overcome the difficulty of the series-resistor method 
of compensation, an adjustable low resistor Rp is c;onnected in parallel wilh 
the milliammeter as indicated by the dotted lines in Fijr. ()-32. This is 
used in place of the adjustable high resistor Ra that was connected in series 
with the meter and the fixed resistor Ri. The meter can be adjusted to 
zero by varying the position of the movaide contact on Rp . 

If the resistance of Ri + Ra is increased to 9000 ohms and the battery 
voltage Ep is increased to nine volts, then the range of the ohmmeter will 
increase to approximately 900 to 90,000 ohms. Therefore, by using difler- 
ent values of resistance and battery voltage, an ohmmeter can be made to 
in dictate any value of resistance. In Fig. G-34, Ri, R 2 , R^, and R 4 are 
multiples of one another; therefore it is only necessary to have a single 
scale to indicate the values of the lowest range and a multiplying factor 



I’ltj. ()-34. • -DiaKraiii showing the usp of rDsi-stors and Hwitch to wulin't thp raiiKP of a multiraiiKO 
oVi riiiiietcr, 

for each of the other resistors. A rotating switch SR is used to connect 
or to disconnect these resistors into the circuit. The points 1, 2, 3, and 4 
are marked to indicate the multiplying factor to be used for the resistor 
that is connected into the circuit. 

6-16. Combination Meters. In test and service work on radio, tele¬ 
vision, and electronic equipment, combination meters are very useful since 
one instrument is made to take the place of stiveral meters. The value of 
the multiplier, shunt, and ohmmeter resistors can be calculated by using 
the formulas explained under Multipliers, Shunts, and Ohmmeters. In 
order to use a d-c milliammeter for measuring alternating currents, a copper 
oxide rectifier is used. 

Figure 6-36 shows the circuit diagram of a combination meter; its 
sensitivity for the d-c voltage ranges is 20,000 ohms per volt. This in¬ 
strument has five ranges of a-c and d-c voltages, namely, 2.5, 10, 50, 250, 
and 1000 volts; four ranges of resistance, 3000 ohms, 30,0fK) ohms, 3 meg¬ 
ohms, and 30 megohms; and eight d-c current ranges, 0.05, 0.1, 1, 10, 50, 
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and 250 milliampfrcs, 1 amppro, and 10 amperes. It can also be used to 
measure ejijjaeilanee or tf) indicate the output of an amplifier stage in 
vf)lts or decibels, ddiis one instrument is very useful in the te.sting and 
servicing of a radio receiver, traii.smitter, public-afldress system, television 
riM'eiver, vacuum-tube erpiijmient, or eathod(‘-ray etiuipment. 



111. (i-.M V iiMiibiii.-il iim dIiiiiiiiiMi'I -i-i- il-i . .mil il-i' !imim*li‘r. 

/'yVir/Miij/ hint) \imnd (’f»;/^nniOfJM l 


111 usiiui, coiubinalinn meters, care should bi‘ taken to see that all 
switches and dial settings are in their eornad positions before the instru¬ 
ment is connected into the circuit. If this is not done, the instrument 
may be damaged, as it might be set for use on ilirect current ami be used 
on alti'inating current, or set to be used as an ammeter and eoiinected for 
use as a voltmeter, or set in some other incorrect fashion. 

6-17. Wheatstone Bridge. The ohmmeler is a simple and convenient 
means for inea.suriiig resi.staiice but the values obtained are not extremely 
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ficcuratp although for mo8t yirartiral purposes the error involved ean be 
ignored. When preeisc rneasuremeni of resistanee is required, the instru¬ 
ment most generally used is the IIVk a/.sronr Essentially, this instru¬ 

ment consists of four rt'sistors eonneetetl in series to form a diamond. A 
source of voltage, usually a battery of one or two cells, is conneeteil in 


Mount these spoofs on 
back of meter 



I’lr.;. —Sfhfinatir clirn^ram of a rombination nir'lt'r. {Wi-Hlttry ICirdrival InHlrii-mrnt 

CorjMTotion.) 


series with a switch and across two terminals of opposite junctions as 
points A and B in Eig. tb37. An indicating instrument, usually a sensitive 
galvanometer, is connected in series with anothtT switch and aiaoss the 
other two terminals of ojtposite junctions shown as points C and I) in 
Fig. f)-»37. The unknown resistor Jix is used as one of the four resistors 
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forming the, diamond; th(? othnr three resistors are of the adjustable type 
whose value is indicated as it is varied. Two forms of adjustable resistors 
commonly used in Wheatstone bridges are ( 1 ) the plug type, which is gen¬ 
erally employed where high preci¬ 
sion measurements are required, 
and ( 2 ) the dial type, which is uti¬ 
lized when greater speed in obtain¬ 
ing readings is desired. The set¬ 
tings of the three adjustable 
resistors are varied until, with 
switches and 6*2 closed, no cur¬ 
rent flow is indicated on the gal¬ 
vanometer. Under this condition 
the l)ridge is said to be balanced. 
The value of the unknown resist¬ 
ance is then determined from the 
values to which the adjustable re¬ 
sistors were set in order to produce 
a balanc(^ 

The principle of the Wheatst one 
bridge can be explained in the fol¬ 
lowing manner. When the switch 
is closed, the current from the 
bat tery will divide into two paths, namely, h through the path ACB and 
tiirough path ADB. The voltage drops across the individual resistors arc 


= /.Ki 

(0-13) 

Ecb = I 1 R 2 

(6-14) 

Ead = I 2 R 3 

(6-15) 

EdB = IlR'X 

(Oi-16) 


When the bridge is balanced, the junction points C and D are at the same 
pt)tential. This is evident from the fact that the gah'anometer reading is 
zert), since current will flow between two points only when there is a dif¬ 
ference of potential between the two points. Under this condition, 

IiRi = I 2 R 1 ) (G-17) 

and I 1 R 2 = IiRx (6-18) 

Dividing Kq. (G-17) by (G-18), 

I\ B\ _ I2 Rs 
KR2 ~ Ox 


C 



ruj. -WhuiiLsboiic briclKo niethod of 

iiioa.siirinK rc.siMtunci;. 


(G-1 9) 
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or 


Ri _ Rs 

1^2 ~ Rx 


Solving for Rx sls the unknown resistance 


((i-20) 


Rx = RsX^ ( 6 - 21 ) 

Ki 

This is the fundamental equation for the Wheatstone bridge. The ratio 
R 2 /R 1 is generally made to equal one or a multiple or a fraction of 10. 
For example, R 2 /R 1 may he made equal to 1, iV, tVitj 10 , 100, etc. The 
value of the unknown resistance is then found by multiplying the value 
of Rs required to produce a balance by the ratio R 2 /R 1 . 



Fin. ri-38.—Basil; n-r briilgn rirtruiLs: (a) for naimritanri! iiipnsiircmentH, (fj) frir induntmire 


iiieasurBiiipnt.s. 


Example fi-fi. A biilaiicp is olitainiid in a WhRat/stono bridge whoam circuit is 
similar to Fig. 6-37 when R\ = 10 ohms, lU = 1000 ohms, and Rs = 75 ohms. What 
ia the value of the unknown resistance Rx^ 


Given; 

Till = 10 ohms 
R 2 = 1000 ohms 
Rs = 75 ohms 

Solution: 

R 2 1000 

Rx = R» X jr = 75 X —— = 7500 ohms 

Ri 10 


Find: 

Rx - ? 


6-18. A-C Bridge. The unknown value of the inductance of an inductor 
or the capacitance of a capacitor can also be measured by means of the 
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bridge circuit. The basic circuits for measuring inductance or capacitance 
are sho\vn in Fig. 0-38. The voltage source is a steady a-c voltage, usually 
1000 cycles. The indicating in.strument may be a set of earphones or a 
sensitive a-c miiliammeter. Resistors Ri and R 2 are also used in this cir¬ 
cuit as ratio arms just as in the Wheatstone V)ridge. A known standard 
value of inductance, Ls , or of capacitance Cn is used in place of the stand¬ 
ard resistor, Rf^, of I'"ig. ()-37. The unknown inductor or capacitor is con¬ 
nected in a manner similar to Rx of Fig. 0-37. A balance is obtained by 
adjusting the ratio r(‘.sistors Ri and R^ until the sound in the earphones or 
the indication on the a-c miiliammeter is at its minimum. The unknown 
value of inductance or capacitance can then be found by using the follow¬ 
ing equations: 

Lx = Ls X || (6-22) 

Cx = Cs X ^ (6-23) 

/Cl 

If a standard value of resistance R,^ and an unknown value of resistance 
Rx are suljstituted for Ls and Lx in the circuit shown in Fig. 0-38, the cir¬ 
cuit can also be used for measuring the unknown resistance value of a resistor. 
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QUESTIONS 

1. Why arc electrical iinstruments essential to the study of electricil v, radio, and 
television? 

2 . How may electrical instninicnts be classified? 

3. What is the dilTerence between a (::alvariometer, an ammeter, and a voltmeter? 

4 . (n) I'k\i)lain the prineiple of operation of an electrostatic meter, (f)) What 
type dF instruments operates on this principle? 

6. (n) J'Nplain the jirinciple of operation of an electrotherin.al meter. (Fj) Name 
the different types of currents it ean measure, and explain why this is possible. 

6 . How may the various types of electromagnetic iiistruincnts be classified? 

7. lO.xplain the principle of operation of each elasaifieatioii mentioned in 
QueBtion 6. 

B. What type of electromagnetic meter is (ri) most versatile, (?)) limited to d c 
operation, (r) most widely used? 

9. (rt) What is the principle of operation of the copper oxide rectifier? (/)) How 
is this principle used in electrical measuring instruments? 
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10. What is the efficiency of rcctificr-tvpe iiistrumentB? 

11. (a) ITow is an ammeter connected in a circuit? (b) How is it protected 
when readings are not beiiip taken? 

12. la the resistance of an ammeter high or low? JJxplain. 

13. C an an ammeter be used as a millivoltineter? Explain. 

14. (a) flow is a voltmeter connected in a circuit? (t)) How is it protected W'hon 
readings arc not being taken? 

16. Is the resistance of a voltmeter high or low? Explain. 

16. (ti) What is meant by the sensitivity of a voltinetei ? (6) How is the sensi¬ 

tivity rating of a voltmeter usually indicated? 

17. Wliy is it desiral)le to use a voltmeter having a high sensitivity rating w'hen 
measuring voltages in electronic circuits? 

IB. What is the essential dilTerence between the. construction of a voltmeter and 
that of an ammeter? 

19. What is meant by a nuiltirange voltmeter? 

20. What is meant by (r/) A linear scale? (h) A si|uare law scale? (c) A logarithmic 
scale? 

21. Is it possible to e.vpaiid the scale of certain types of mettirs in order to make 
an irregular scale jjractitailly uniform? lCxi)lain. 

22. On what part of the meter scale is it desirable to take readings? ICxplain. 

23. What is the ilifTerenct* Indween a mullij)Ie scale and a cr)nij)lex scale? 

24. What errors can easily l)e made when reading inuHipli^ or complex scales? 

26. [a) What is meant by parallax? (6) How are errors due to |)arallax counter¬ 
acted? 

26. (a) What is the j)urj)ose of a shunt? (?/) What is the dilTerence betw'ecn an 
internal and an external shunt? 

27. In calcidating the resistance of a sliunt is it always practical to assume that 
the line current and shunt current are ecjiial? J0x])lain your answer. 

2B. (fi) Wli at is the. purpose of a multiplier? (5) (Jan multipliers be used with 
a-e meters? (r) (Jan multipliers be used with d-c meters? 

29. (a) Can the voltmeter-ammeter method be iJse«l to measure low resistances? 
(fj) High resistances? (c) I'Jxplain. 

30. Mow can high resistances be ineasureil with just a voltmeter? 

31. (o) What is an ohmineter? (fj) IJxplnin its basic principle of operation. 

32. (fi) How dues a decrease in the battery voltage affect the reading of an ohm- 
meter? (7^) What provision is made to compensate for this? 

33. What is meant l)y a eoinbination meter? 

34. Why are combination meters useful in test and service work on radio, tele¬ 
vision, and electronic equipment? 

36. What jjrecaiitions are necessary in using combination meters? 

36. For what purpose is the Wheatstone bridge generally used? 

37. Explain the jirinciple of operation of the Wheatstone bridge. 

38. Name three types of circuit elements whose value may be determined by 
means of a bridge circuit. 


PROBLEMS 

1. A galvanometer has a resistance of 125 ohms. What resistance shunt must be 
used with this galvanometer if it is desired that (a) one-tenth of the line current 
should pass through the galvanometer? (6) One twa;nty-fifth of the line current 
should |jass through the galvanometer? 

2. An instrument has a rating of 50 mv, and its moving coil has a resistance of 
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20 ohms. If it is to measure a current of 1 amp, how much current flows through (a) 
the meter? (b) The shunt? 

3. A 150/15 scale voltmeter has a total rnsistaiice of 150,(KK) ohms, (a) What is 
the resistance between its 15-volt terminals? (b) What resistance multiplier is 
necessary to give tliis instrument a range of 6 CK) volts? 

4. If the resistance of an instrument is 40 ohms and its current rating is 10 ma, 
what amount of resistance must be added to give a full-scale reading of (a) 50 volts? 
(b) 150 volts? (c) 250 volts? 

6 . An instrument has a resistance of 25 ohms, and full-scale deflection is obtained 
when 25 ma flows through the instrument. What value of shunt resistance must be 
used to produce full-scale deflection when the current flowing in the line is (a) 250 
ma? (b) SfK) ma? (c) 1 amp? 

Note; Assume that the shunt current is equal to the line current. 

6 . What is the per cent error in the resistance olitaiiunl for each current range in 
Prol>. 5 by assuming that the shunt current is equal 1 o the lim; current? 

7. It is desireil to extend the range of a mieroamineter having a full-scale deflec¬ 
tion of 50 /la and whose resistance is 1200 ohms, {a) What resistance shunt is re¬ 
quired to obtain full-scale deflection with a l(K)-/ia line current? (b) What resistance 
shunt is requireil to olitain full-scale deflection with a 5(K) 71 a line current? 

8 . A voltmeter having a sensitivity of HKKJ ohms piu volt has ranges of 10, 50, 
100 , 250, and l(XX) volts. What is the resistance of the voltmeter for each of these 
ranges? 

9. A voltmeter having a sensitivity of 1000 ohms per volt is used to measure a 
voltage drop of approximately 40 volts that exists across a 50,0(K)-ohm resistor. What 
is the per cent decrease in this circuit’s resistance when the voltmeter is connected 
across the resistor and the full-scale range of the meter is (a) 50 volts? (b) 100 volts? 

10 . What is the per cent decrease of a circuit’s resistance when a voltmeter having 
a sensitivity of 20,(XK) ohms per volt is useil to measure the voltage drop across a 
2(X),(KK)-ohm resistor (a) using its 100-volt range? (b) Using its 250-volt range? 

11. Two 50,(MX)-ohm resistors are connected in series across a 100-volt source of 
power. A voltmeter having a sensitivity of 1(X)0 ohms jjcr volt is used to measure the 
voltage drop across each resistor. («) What v'oltage v\ill the voltmeter indicate 
when using its KXl-volt range? (b) What is the per cent error? 

12. A voltmeter having a sensitivity of 20,(XX) ohms j)er volt is substituted for 
the meter used in Prob. II. (a) What voltage will the vultmeter inilicatc when 
using its lOfl-volt range? (b) Wliat is the per cent error? 

13. A voltmeter having a sensitivity of 10,(XX) ohms per volt and a full-scale 
reading of 150 volts is connecteil as shown in Fig. 6-31 to measure the resistance 
values of three unknown resistors. The voltage of the power source is 100 volts, 
and the meter reails (a) 10 volts, (b) 50 volts, (r) 60 volts, respectively, when each of 
the resistors is connected in the circuit. What is the value of each resistance? 

14. If the voltmeter in Prob. 13 had a sensitivity of ICXX) ohms per volt, could it 
be used to measure these resistances? If so, what voltage would be indi caterl for each 
of the resistors measured? 

16. The voltmeter-ammeter method is used to determine the resistanee of a 10 - 
ohin resistor. The voltmeler has a sensitivity of 100 ohms per volt and a full-scale 
deflection of 150 volts. The ammeter has a 5()-mv drop for its full-scale deflection 
of 10 amp. The voltage of I he i)owcr su|)ply is 50 volts. Two sets of readings are 
taken under the following conditions: ( 1 ) the voltmeter connected so that it reads 
the voltage drop across the resistor and the ammeter; ( 2 ) the voltmeter eonnected 
BO that the ammeter reads the current taken by the voltmeter and the resistor. 
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(a) What are the voltmeter and ammeter readings when connected as in (1) and in 
(2). respectively? Which CDiiiiection gives i\ more arcurnte reading? 

IB. Repeat Prob. 15 for the following conditions: 10,(MX)-uhm resistor to be meas¬ 
ured instead of the 10-ohm resistor; use same voltmeter; substitute a 50-ma ammeter 
(also requiring a 50-mv drop) in place of the 10-amp ammeter; the voltage of the 
power supply is increased to 100 volts. 

17. In the circuit shown in Fig. 0-32, what should the resistance of R\ -|- Ra be 
in order that the milliammeter indicate !)000 ohms in the center of its scale when the 
applied voltage is H volts? 

18. A voltmeter has a full-scale reading of 15 volts and ji sensitivity of 1000 ohms 
per volt. This meter is connected in series with a 30-volt battery and unknown 
resistances. What are the values of these unknown resistances if the meter indicates 
(fij 5 volts? (5) 10 volts? (r) 15 volts? 

19. A d-c milliammeter having a resistance of 30 olims and a full-scale deflection 
of 1 ma is to be connected to various shunts and multiplier resistors so that it will 
indicate the following d-c voltages and currents when a rotating swdtch connects Ihe 
proper unit into the circuit: 10, 50, 100, 250, and 500 volts; 1, 10, 50, 1(X), and 1000 
ma. As a voltmeter, the instrument should have a sensitivity of 1000 ohms i)Br 
volt. 

a. Draw a circuit diagram of the meter, shunts, multipliers, and rotary switch. 

/i. Indicate the resistance value reijuircd for each shunt and multiplier. 

20 . A balance is obtained in a Wheatstone bridge whose circuit is similar to Fig. 
0-37 when R\ = 100 ohms, R-i — 1 ohm, and Rs — 30 ohms. What is the value of the 
unknown resistor /?a'? 

21. A balance is obtained in a Wheatstone bridge whose circuit is similar to 
Fig. 6-37 when /?i = 10,(KK) ohms, Rn = 10 ohms, and R,^ = 78.5 ohms. What is the 
value of the unknown resistor 7?^'? 

22 . A bridge circuit similar to J'ig. 0-38ri is used to measure the unknown value 
of a capacitor. When a bahini i* is obtained, it is found that Ri = 250 ohms, Ri = 1(X) 
ohms, and C.s = 10/if. What is the value of the unknown capacitor? 

23. A liridge circuit similar to Fig. 6-3Sa i.s used to ineiisurc the unknown value 
of a capacitor. When a lialaiHM^ is ohtained, it is found that Ri = 3750 ohms, R 2 = 100 
ohms, and = 10/if. Whal is (he value of the unknown capacitor? 

24. A briilge circuit similar to Fig. 6-385 is used to measure the unknown value 
of an inductor. When a l)alam‘e is obtained, it is found that R] = 80 ohms, /is = 1200 
ohms, and = 100 mh. What is the value of the unknown inductor? 

25. A bridge circuit similar to Fig. 6-385 is used to measure the uiiknowui value 
of an inductor. When a balance is obtained, it is found that Ri = 4 ohms, 7i2 = 1680 
ohms, and Lg = 100 mh. What is the value of the unknown inductor? 
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ELECTRICAL POWER APPARATUS 

MokI users of radio are content with the knowledge that the electrical 
energy requirerl to operate a receiver is obtained by merely inserting its 
plug into a convenient outlet in tln^ wall at home or by insta ting batteries 
in the ease of portable receivers. Instructions attaeluMl to new radio or 
television receivers, such as “Operatf^ at 115 volts, 50 or 00 cycles, a-c 
only”; “For 120-volt a-c or d-c operation”; “For 220-VDlt, 50/00 cycles, 
alternating current”; “Operate on 32-volt, direct current only,” have little 
or no meaning to many users. In order to understand the principles of 
radio and txdevision operation, it is necessary to have a knowledge of the 
various types of power systems, the methods used to products the power, 
and the characteristics of each. 

7-1. Types of Power Supply and Equipment. Of the six kinds of electric 
currents described in Art. 2-10, only the continuous, direct, and .alternating 
arc used as sources of power supply. 

Co7itiniwys Currmi, The continuous current, which is obtained from 
battery cells, is used largely for operating portable receivers and trans¬ 
mitters. The method of producing this type of current has been discussed 
in Chap. Ill, and the circuit chfiracteristics studietl in Chap. IV will apply 
to this type of current. 

Direct Current. The direct current, usually referred to as d-c, is that 
type obtained from a rotating machine called the d-c r/enrraior. The theory 
of ojieration of this machine is based upon the principle of electromagnetic 
induction and is described in the following articles. Direct-current power 
systems are found mainly in rural and isokated sections or in some instance's 
where an individual building may hiive its own power plant. Such powc'r 
systems are generally 110 volts or in a few instances 220 volts. Another 
common d-c system is the farm-lighting system used where no other source 
of electrical power is available. To have power available 24 hours per 
day without running a g:vsoline-engine-driven generator continuously, it 
becomes necessary to use storage batteries. The power is supplied by the 
batteries, and the generator is operated periodically to keep the batt-eries 
charged. To keep the number of cells at a reasonable amount, it has been 
common practice to make these systems 32 volts. The external-circuit 
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characteristics of the d-c generator systems are similar to those of battery 
systems and have been studied in Chap. IV. 

Alternating Current. The alternating current, usually referred to as 
a-c is that type obtained from a rotating machine called an alternator or 
a-c generator. The theory of this machine is also based on the principle 
of electromagnetic induction and is described in the following articles. 
It is estimated that over 90 per cent of the electrical power is generated as 
alternating current, and hentre most power systems are of this type. The 
circuit characteristics of a-c systems differ in some respects from the d-c 
systems, and these new characteristics will be explained in the following 
chapters. 

Voltage of A-C Systems: the Transformer. The generated voltagir of the 
alternator in the large modern power plant is much higher than tlie voltage 
supplied to the liomes. It is not unusual for tin’s to l)e as high as l(),()0() 
volts, which is indeed high when compared with the 110 volts used in the 
liomes. This higher voltage increases the efficiency of ojxn’ation for the 
power companies but nudves it necessary to reduce the voltage before con¬ 
necting it to the home. The extensive use of a-c systems is due largely to 
th(i ability to raise or lower the voltage easily by means of a device called 
the transformer. The operation of this device is also based on the principle 
of electromagnetic induction and is explained later in this chapter. 

7-2. Faraday’s Discovery, Electromagnetic Induction. Faradaifs Dis¬ 
covery. The operation of (;le(*trical power apparatus such as the d-c gen¬ 
erator, the alternator, and the transformer is based on tlu^ principle of 
electromagnetic iiidiu;tion. The discovery of tliis iirinciple is crt‘dited to 
Michael Faraday, who, in 1831, found that if a conductor which was part 
of a closed circuit was movial througli a magnetic fi(*ld a current would flow 
in the conductor, lie proved this to bo true by connecting a .semsitive 
instrument, called a galvanometer, in the closed circuit; when the conductor 
was moved in the magnetic field, it caused a deflection of the galvanometer 
needle. 

Demonstration of Faraday's Discovery. Faraday’s discovery may be 
demonstrated by moving a conductor through the field of a strong electro¬ 
magnet as shown in Fig. 7-1. If the conductor C is moved upward through 
the magnetic field, it will cause a voltage to be induced in the conductor 
and the galvanometer G will indicate the presenc.e of this induced voltage. 
It is common practice to call this induced voltage the induced emf. If the 
conductor is held stationary in the magnetic field, the galvanometer will 
show zero, indicating that no voltage is being induced. Moving the con¬ 
ductor downward through the magnetic field will cause the galvanometer 
to indicate a voltage but in the opposite direction to that when the con¬ 
ductor was moved upward. If the conductor is moved in the field in a 
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Fitj. 7-1.—DpiTir>n.stratiDn of l^araday’s disirovory. 


sidewise direction, that is, parallel to the field from N to the galvanom¬ 
eter will show zero, indicating that no voltage is being induced. Revers¬ 
ing the polarity of the magnet, that is, interchanging the location of the 
N and S poles, would also cause a reversal of the galvanometer indication. 



Fin. 7-2.—Fleming’s Tiglit-hnnd rule for determining the direction of the induced emf. 

Fleming's Right-hand Ride. The foregoing leads to the conclusion that 
the conductor must cut through the magnetic field in order to have a 
voltage induced and also that the direction of the induced voltage depends 
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upon the direction of motion of the conductor and the direction of the 
magnetic field. This relation is expressed by Fleming's right-hand rule 
shown in Fig. 7-2, which may be stated as follows: 


1. Hold the thumb, forefinger, 
a7id middle finger of the right hand 
at right angles to one another. 

2. Point the thumb in the direc¬ 
tion of motion of the conductor. 

3. Point the forefinger in the di¬ 
rection of the magnetic field. 

4. The middle finger will then 
point in the direction of the induced 
voltage, namely, toward the positive 
terminal. 

Alethods of Producing an Induced 
EMF. So far it has been shown 
that a voltage is induced when a c 
field. An induced emf can also be si 
ing a magnetic field move so that 



magnetic lines cutting a coiiductDr. 

onductor is moved through a magnetic 
et up in a stationary conductor by hav- 
its lines cut the conductor. Referring 



to Fig. 7-3, it will be seen that if the bar magnet A is moved into the center 
of a coil C the field of the bar magnet will cut the conductors of the coil, 
and, if the coil circuit is closed through a galvanometer G, a current flow 
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will l)i‘ inclicatc‘fl by Iho galvanonK'ter. Hy ii.sin^ Ih? loft hanrl in pliice 
i)f thf‘ right, I"li‘ining’s ruh* nuiy be iipplifMl to finding the direction of the 
indiieed emf wh(‘n Ihi* moving magnetie field eut.s the eondiietor. 

The prineipl(‘ of (deet irjinagindie indiietif)ti may now b(^ restated as 
follows: whenever there is motif)!! between a eonduetor and a magnetie 
field, an emf will la* iiKhnaal in the eonduetor; the motion may be prodiieed 
liy moving tlie efindiiet f)r thrf)iigh a statiomarv rmignetie field or tiy havdng 
the magnet if; tifdd eut a stationary eonduetor. 

7-3. The Simple Generator; Value of Induced EMF. I'ke Simple Gm- 
crator. 'The prineiple f»f fdeetromagnetie iinliietion as it a,ppli(“s tf) genera¬ 
tors is illuslrateil in Fig. 7-d. This fundamfoital generator has two poles, 
N and S, which set up the magindie tielfl. Tin' coil (’ is mounted on a 
shaft so that it can b(‘ rotatefl in thf‘ magntdie fit'lil; this part is ealleil 
the nrniafure. When tli(’ armatur(‘ is rotated, its eonduelors, which are 
really tlu; coil sid(‘s aa' and ft()\ cut througli th(‘ lin(*s of tlie magnetie field 
and a voltagf* is imhieed in the cfinduelors. 

Vtilm- t)f Ike indMved EMF. The value of t hf‘ imlueeil emf in any eon¬ 
duetor is proport ifinal lo the ratf* f)f cutting lines. A fundament id iflee- 
trieal law states that wlieiuwer a- cffiiduetor cuts lin(‘s (or is e\it by lines) 
at till' ratf' of 100 million lines jjf'r seetfiifl, an (‘inf of one N olt is influeed in 
that eondufdor. Siijcf* this is a rate of cutting lint's, the spi'etl of rf)( alion 
as W('ll as thf* nunilfer f)f lines eut will affect tlu' induei'fl emf. 

In I'ig. 7-d, the armature coil (' etinsists of only one turn of wire, l)ut it 
has two eontluetors which are eonneeli'fl in sf'ries. In many geiif'rators, 
the cffils liave more than one turn and hence have a gieater numb(‘r of con- 
fluctors. This results in a higluT induced emf, bt'cause wlien thf'st' con¬ 
ductors are couueeted in s(*ries their voltages will add. Each cf)nduetor 
will cut the flux twice in one revolution. Combining these facts, we may 
I'xpress tliian mathemat ically by the efjuat ion 


2^CS 
no X 10« 


(7-1) 


where E = induced emf of the gc'iierator 

=■■ total flux gf)ing from the N to pole 
C = numbei- of conductors connectefl in st'ries 
= speed, rpm 

Example 7-1. A Kiaierator n|)i’r!i(iiig at ISOtl rpm li.i.s 500 cniuliiftnrs on its firma- 
ture. If the Mu.\ from the ,V jmle to the i)ule is otKl.tKK) lines, what will (he iniluL'eil 
(*inf of the generjitor be? 

Given: Find: 

= 500,(MX) E = ? 

C = 500 
S = 1800 
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Solution; 


Wxiw 


2 X 500,0mi X 5( K) X 1800 
GO X 10* 


= 150 volts 


ETiuiiplc 7-2. If t,hL' ;irm:iturn of llii' peoprjitor of lCx!imj)l[' 7-1 lunl only one 
siiiKli* turn roil, wlnit wouiil tlip iinliuTMl pinf of thr o>' I'f'? 

Givt'ii: FiiiLl: 

0 = 500,IK)0 E = ? 

C = 2 
S = ISOO 

Solution ■ 


2_X mono X 2 X 1S(W 
GO X 10“ 


= O-G volt 


Tlin iil)()vr ('xiiinpl(‘s illiistinto liiiil ihr* pniiOiciil ^»;('iu'rMir)r rnquirnH ;i 
luimhnr of foiiiluclurs in onlni’ tu obtjiiii a, stamlarrl 

(‘omnKM i'ial 

CoUvctor Rinf/.^ and Hrusfi.(.s. If Hit* mil f’ of 7-1 is to roiatt'il 
and its indiii't'il oinf iipplind to an (‘xloiTial circuit, it Avill lx* ncix'ssary to 
coniK'ct the conductors aa' and bh' to the colltMdf)!’ riiif^s Rn anil Rt,j vo- 
speidively, and tlu‘S(‘ ring’s must hi* instdalerl IVom the shaft. Pii'i'es of 
carlion, called /rn 7 .s 7 a'.s‘, make slidinji; contact witli the collect or or slip riiipis, 
and till* external circuit is connected to tliese bruslies, indieal.ed l)y Ri 
and B ,. 

7-4. The A-C Generator. Idie siin|)le seneiatnr of Fit;. really 

an a-c generator as Avill lie sliown in the following discussion. The coil is 
assumi'il to be rotating at a uniform speed in a ciumterclockwisi; direction, 
and the magnetic field is considen*d to b(* uniform, that is, i*ac}i stpiare inch 
of pole surface emits thi* same numlx*r of magnr*tic lines. Figure 7-firz 
shows one conductor in 12 positions 30 degrees apart, and Fig. 7-5?> shows 
tile voltage corresponding to each of thesf*. positions. At position 1, the 
voltage is indicated as zero, Avhicli is explairuul by tlu; fact that when the 
conductor moves a very small amount, say zero to 1 degree, or of a 
revolut ion, it s niotion is pi actically parallel Avith the magnetic lines. Under 
this condition, it cuts none of the lines and the induced emf is zero. At 
position 4, the conductor lias moved 90 degrees, ami the voltage as indi¬ 
cated on the curve is 100 volts. In this zone, any small amount of motion, 
say one additional degree, Avill be in practically a vertical direedion, and 
the conductor’s motion will be perpendicular to the magnetic lines. Under 
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this condition, it will cut the lines at the greatcst rate possible, and the 
voltage will be at its maximum value, assumed for eonveninice as 1(X) volts. 
Hy applying Fleming’s right-hand rule (see Fig. 7-2), it will be found that 
the direction of the induced cmf is outward as indicated on Fig. 7-.5a 
by O. For any position between 1 and 4, the direction of the conductor’s 
motion will l>e neither parallel nor perpentlicidar to the magnetic lines 
but will be at an angle to the lines. Therefore the induced emf will have 






I Z 3 4 5 6 7 0 9 10 II 12 13 14 15 Pdsifions copresponding 

Fit,. 7 -.'i liidufi'd iMiil 111 .1 I o.iiliir'ioi in tlio .siinplo a-c generator. 


values greater than zero but less than i(K) volts. Figure 7-5b shows that 
at 30 degrees the iiuliiced i‘mf is 50 volts and at 00 degrees it is 80.0 volts. 
When the conductor has passed position 4, the induced emf decreases until 
it reaches position 7, vhen it is again zero. Alter passing position 7, the 
conductor c\its lines again, but its motion is now upward. Applying 
Fleming’s rule, it will Ik* seen that the direction of the induced cmf has 
been reversed. The values of the emf for positions between 7 and 13 (same 
as 1) are all negative as indicated on Fig. 7-5b. Any continued motion will 
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merely result in additional similar voltage cycles. As the flow of electric 
current is dependent upon the voltage impressed, its flow will vary in a 
manner similar to the voltage. 

From the foregoing, it is now possible to set up a definition for an alter¬ 
nating current. An alternating current is one that is continually changing 
in magnitude and alternates in direction or jxilarity at regular intervals. 

7-5. A-C Characteristics: Alternation, Cycle, Frequency. The a-c volt¬ 
age of Fig. 7-5b is shown starting at zei'o volts, increasing in a positive 
ilirection to its maximum value at 90 degrees, then decreasing to zero at 
ISO degrees when it reverses in polarity, or alternatf\s; next it increases to 
its maximum negative value at 270 degrees and again decreases to zero at 
300 degrees. From this point on indelinitely, tin* voltage repeats this 
procedure. The degrees mentioned here are called clccirical f/c,r/rcr.s‘. In 
this case, they also correspond to the mechanical degrees of coil motion, 
a condition that occurs only with two-pole alternators. 

AlU^rnaiion, Cycle^ Frequency. The term altcrnatum is used to deliiie a 
period of 180 electrical degrees. The span of one compleie set, of values, 
that is, all the positive and all the negative values, is called a cycle. The 
cycle corresponds to 300 electrical degrees and also corresponds to two 
alternations. The number of times these comjilete s(d,s of values occur 
in a second is called the Jrefiuency and is expressed in cycles per second. 

The frequency of an alternator depends on its speed of rotation and the 
number of poles. Expressed mathematically, this is 


P X S 
120 


(7-2) 


where / = frequency, cycles per second 

P — number of poles of the alternator 
S = speed of the alternator, rpm 


Example 7-3. What is the frequency of a four-pole alternator which is being 
driven at 1800 rpm? 

Given: Find: 

P = 4 . / = ? 

*S = 1800 

Solution: 

P X S _ 4_X 
“ 120 “ 120 

= 60 cycles per second 

Period. The time required for a voltage (or current) to complete one 
cycle is called the period and is expressed mathematically as 
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' = 7 ( 7 - 3 ) 

where i = time in seconds required to complete one cycle 
/ = number of cycles per second. 

For a 60-cycle circuit i equals second, while for a 25-cycle circuit t 
would be .s(‘Coiid. 

Ervqimiciv.f^ UhcxI in Powcr-i^upply Syfilnns. The fretpiency of power 
systems is low, the most common bein^i; 60 cycles, althouf:;h 25, 30, 40, and 
50 are also used. '^Yhv 60-cycle is the most poj)idar because it, ^ives the 
bc!st, results wlien uscfl for operating!; botii li^^hts and machiiua-y. Alter¬ 
nators can 1)(‘ built t t) produra* frcfiuencies of 500 cycles ami in a few special 
cases have been built for a frerpiency of 20,000 cych's. 

Frcr/f^raf'ic.s' f/.scr/ in h^ndio *S';i/.s7f;m.s. In radio work, hi^j;her freijiieiicies 
such as thousands or humlred thousands of cyclt's (kilocychvs) and millions 
of eyc,li‘s (me^ar’ycles) per scu'.ond are used. For thf‘se lii^^lu'r frequenci(‘s, 
it is common pract ice to use vacuum tubes which makt* it possil)l(‘ to attain 
fretpiencies iq) into tlie hundnMls of million cycles per s(h*oiu1. 

7-6. A-C Voltage and Current Characteristics. Insfajita/nons Vnlurs. 
It has betai shoAvn that the induced emf of the alternator is continually 
changing in ma^iiiitiule and is also periodically a,lternatin^ in polarity. 
AVhen the emf is jiroduced by rotat iiifi; a coil at ia)iistant speed in a uniform 
maKont ic (i(dd, the value of the voltage at any instant of time may lu‘ found 
by the equation 

c$ — X sin 0 I) 

where = instantaneous value of the emf when the coil lias gone thi-oiigli 
0 electrical degrees 

Pm»x = maximum value of the emf 

j^in 9 — value obtained from the table in .\p])endix XI. 

Exninplc 7 1. .Am aUrMiiMlor prndiirMs a siiH’-wav'^p voltaiLjr who.sr iiiaxiniuin 
vniup i.s 500 vnlts. Wlial i.s thp iiislanlaiuTuis value al (a) 7 ilogrcps, (^) 73 rlngrees, 
(c) 102.5 (Icgrei'H, (i/) Ptj ilegrec-s, (r) 322.5 ilegrci's? 

Ciivcn: Find; 

E„.,. = 5(H) 

» = 7^ 

= 73 " 

= 102 .. 5 ° 

= 105" 

= 322.5'’ 


e = ? 
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Solution: 

(>f) = /imas X tsin 0 

(oj = .'iOO sill 7" = olK) X 0.122 = 01 volts 

[b) f 7 ;r = 5tM) sill 73“ = 500 X 0.050 = -17S volts 

(r ) f i62 = 5(M) sill 102.5 ' = 5(XJ X 0.301 = 150.5 volts 

(r/) fju:. = 500 sill 1!15" - 5tR) X -0.25!) = -120.5 volts 

U) = 500 sill 322.5" = 500 X -0.00!) = -301.5 volts 

Note: For viiliies of siiio, sot* .\i)])i*ii(li.\i\s XI anil XII. 

J'i^iin* 7-1)1} sliows Mil iL-(‘ voltMOji' wliosr TiiM.ximinvi Viiliin is 100 volts 
Mill] iiuliciilt‘S tlii.it tlif iiistMiltitnoinis viilur at 30 i1i‘^;tth‘s is .50 volts, iit 00 
(lo^riTOs is 80.() volts, Those ^■alues niiiy lie verilieil by use of (7-1) 

iis lollows: 

f ju- = /iiuiix X sill 30^^ = too X 0..500 - 50 volts 
fno- = X sill 00° = 100 X 0.800 — 80.ti volts 

7'h(' iSinc ll^rzrr. If a luiinber of instantaneous ^'alLu^s oblainetl by ust* 
of [a[. (7-4) aj’e plotted and ji eurvi‘ is drawn, the eurve is eiilleil a .sM/te 
irr/er. A volta^i' eorrt'spondin^; to this shape is failed a .swa/f-tefire voUaf/r. 

A simple met hod of (IraAvin^i; a siiu‘-wav(‘ volta;^e is by means of tiie wheel 
diaj^ram illustrated in J'i^. 7-0. This iiiiiy b(* done by first driiwin^ a 
eirele whose ladius is made (apial t o the v;due of 7s’,„;,.v . Nt^xt, s(d olT a 
number of tnjually spaet'd spokes. The iminbia* usimI must eorresjiond t^o 
the number of jioiiils desired to dr;iw (lie sine wiive, jind the K)’i'Jd.er tln‘ 
nuniTer of poinls, tlie more iieeurate tlie sine-wave (hawing. Fi^urt^ 7-t)5 
is drawn with as many (‘tiually s])aeed viatical lines as tlieri^ are spoki's. 
Hy projeetiiif;' horizontal lines from the laids of the spokes in Fiji;. 7-Oa to 
tlie eorrespondiny; vert iciil lines on Fi^. 7-0/>, jioints of the sine-wave eurve 
are obtaineil and may then lie eoniieelial by a smooth lini*.. 

Most alternatois produce a voltaji;e tliat is a sine-wave voltiiKc or so 
close to the sine wave tliat the entire study of alt.iirnat in^^ current from 
this point on ^vill lie based on sine-wave volta);r*s and currents. I'i^^ure 7-7 
shows several nonsinusoidal voltagi* Avaves, tht‘ study of which reijuires a 
college level of elei-trical engineeiing and hence is beyond the scoyie of 
this text. 

The Maximum Value. This is simply the highest value readied in a 
cycle as is shown in Fig. 7-8. This value is im[)ortant in some parts of the 
study of alternating A oltages and current, lint it is not used as the rated 
value. It is designated as E,nux and /,„hx. 

The Averarje Viable. Examination of the sine wave of Fig. 7-8 shows 
that it is not a straight line from zero to maximum value but a smooth 
curved line. The average value of a complete cycle is zero, because the 
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positive and negative areas under the curve are equal to each other. The 
average value generally referred to is, however, for only one-half of a cycle. 



I 2 3 4 5 6 7 6 9 10 II I? 13 
II) 

(«) (?0 
Fio. T-fi.- Wlipel-diagram method of drawiiiio: ii .sine-wuve vultaRC!. 

This value may l)e determined by finding a large numl)er of equally spaced 
instantaneou.s values from 0 io 180 degrees (or from 0 to 90 degrees), 



Fia. 7-7.—Several nonsiiiuwoiilal voltimi* waves recorded with the use of an oscillograph. 

getting their sum, and then dividing it by the number of cases used. This 
may be expressed mathematically as 

(7-5) 

n 

Figure 7-9 illustrates this method of finding the average value. The 
accuracy of the result will increase as the number of instantaneous values 
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used is increased. A more accurate result may be obtained by higher 
mathematics (calculus), which shows that the aA^erage value is equal to 
2/7r times the maximum. This is the commonly accepted value and is 
expressed as 

= O.C37^ (7-6) 

The average value of the sine-wave voltage of Fig. 7-8 is ()3.7 volts and is 
indicated by the line drawn through this point. While the average value 
is used in some engineering calculations, it is not the value usimI to repre¬ 
sent the sine wave. 


= 0.637 


, Note: 



The A-c Ampere. The current flowing in a circuit- is proportional to 
the voltage, and therefore the maximum, instantaneous, and average values 
as described for sine-wave voltages will also apply to sine-wave currents. 
Thus Eqs. (7-4) and (7-6) may be stated as 

19 — Imitx X sin 9 (7-7) 

/avo = 0.637 /max (7-8) 

The maximum, instantaneous, and average values of current and voltage 
are used in some engineering calculations, but they are not used in practical 
work because they do not provide means of comparison with direct current. 

The a-c ampere, which is the practical unit, is based upon the heating 
effect of the current. As the heating effect is the same regardless of the 
direction of the current flow, it provides a suitable means of comparing 
alternating and direct current effects. The a-c ampere may then be de¬ 
fined as that amount of alternating current which will produce the same 
effect as one ampere of continuous or direct current. 

The Effective Value. The instantaneous value of the sine wave chosen 
to represent the a-c ampere is called the effective value^ since it must be such 
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an amount that it will produoo the same heating effect as one ampere of 
direct current. 

The heating effect of any current, whether alternating or direct current, 
is equal to the current .squared, times the resistance {P = p = i~R). 



Degrees 

(ri) 




1 sin 0 

c 


0 

O.IKK) 

0.0 


10 

0.173 

17.3 


20 

0.342 

34.2 


30 

; 0.500 

50.0 


40 

I 0.643 i 

64.3 


50 

i 0.706 

76.6 


60 

i 0.866 

86.6 


70 

^ 0.940 ! 

94.0 


80 

0.9S5 i 

98.5 


90 

• 1.000 

1 100.0 


i 

0“ i 

! 

i mn 9 

1 

e 


0.000 

0-0 

5 

0.0S7 

1 8.7 

10 

0.173 

17.3 

15 

0.259 

25.9 

20 

0.342 

34.2 

25 

0.422 

1 42.2 

30 

0.500 

! 50.0 

35 

0.574 

57.4 

40 

0.643 

64.3 

45 

1 0.707 

70.7 

50 

1 0.766 

76.6 

55 1 

! 0.819 

81.9 

60 

0.866 

86.6 

65 , 

0.906 

90.6 

70 

0.940 

94.0 

75 

0.966 i 

96.6 

80 I 

0.985 

98.5 

85 ; 

0.996 

99.6 

90 

1.000 

100.0 


ToLmI = 11!;)5.1 


1 J'.fLl . 1 

Average = =62.9 

19 

(c) 


TdUiI = 621.5 
621.5 

Average = = 62.15 

10 

(b) 

Fill. 7-9.- MfLhorl uf iliMI'niiiniiiK llu? aveniKe value of a siiie-M^ave voltage: (a) portion of a 
MUie-vviive voltage curve, (li) average value obiainetl by taking lO-degree intervals, (r) average 
value obtaiiieil by taking .'j-degree interv^als. 


In alternating current, the heating elTeet will vary continually because the 
eurrent is varying continually. The eompari.son of a-c and d-c heating 
elTect is therefore based on the average rate at which the heat is produced. 
This may be expressed mathematically as 

j itj hR + "^iR + hR + '^\R “h inR 


n 


(7-9) 
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In order to make a comparison, R must have the same value for both sides 
of the above equation and mathematically the equation may be simplified as 

( 7 - 10 ) 

n 


Examining the right-hand member of this equation, it will be seen that by 
adding the instantaneous /“ values and dividing this sum by the numlier of 
cases, n, the average of the instantaneous values is obtained. Thus the 
equation may be restated as 

/dr“ = average of the instantaneous squares (7-M) 

or = (ave(7-1 lo) 

As the a-c and d-c amperes are to have the same heating effect., the equa¬ 
tion may also be stated as 

/d.' = /:./ = (ave^^) (7-12) 


Taking the square root of each member of this equation, it bei omes 


Idv = I»v = \/(iive7-) 


(M3) 


The effective valiu* of a sinc' wave is therefore I'qual to the square root 
of the average of the instantaneous squares. Tiguia* 7-10 illustrates a 
simple method of finding the effective value. Tlu* effeeth’(‘ value may also 
be obtained by higlier niatlieinatics (calculus), A^hi^•ll shows that thr‘ effec¬ 
tive value of a sine Avave is alAA ays equal to maximum value divirled by \/2 
This is the commonly accept ed value and is expressed as 


I mux 
\/2 


This may be simplified as 


1.414 


X /n.ax = 0.707 /„ 


(7-14) 


7 = 0.707 7„,„x 


(7-15) 


Since alternating voltages and currents l)oth folloAv sine-AvaA^e forms, 
the same relation applies to Aoltages; thus 

(7-16) 


E = 0.707 E, 
E = 


max 

EmejL En 

V2 “ ““ 


1.414 


(7-17) 


The effectiA^e value is sometimes rialled the rms (root-mean-square) value, 
because it is found by taking the square root of the mean (or average) of 
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the squares of a large number of instantaneous values. The effective value 
of the voltage wave of Fig. 7-8 is 70.7 volts and is indicated by the line 
drawn through this point. The effective value is represented by the capital 




Degrees 

(«) oo 



sin 9 

i 


0 

0.000 

0.000 

0.000 

10 

0.173 

0.173 

0.030 

20 

0.342 

0.342 

0.117 

30 

0.500 

0.500 

0.250 

40 

0.643 

0.643 

0.413 

50 

0.766 

0.766 

0.587 

60 

0.866 

0.866 

0.750 

70 

0.940 

0.940 

0.884 

80 

0.985 

0.985 

0.970 

00 

1.000 

1.000 

1.000 


Total = 5.001 


5.001 

avc T* =-= 0.5001 

10 

= Vo.SOOl = 0.707 
(c) 

Fin. 7-10. —Method of dptermining the effective value of a sine-wave current: (a) portion of 
a sine-wave current showing the variation of t and i^, (b) curves of i and for one complete 
cycle, (c) effective value obtained by taking lO-degree intervals. 


letters E and /; note that no subscript is used as was the case in 
and I miix • 

Alternating-current measuring instruments such as voltmeters or am¬ 
meters are calibrated to indicate the effective values; thus if the voltage 
measurement on an a-c circuit is 110 volts, it will produce the same effects 
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on an incandescent lamp as a 110-volt d-c circuit even though the a-c cir¬ 
cuit at some instants reaches the maximum of 110 X 1.414, or 155 volts. 


Example 7-5. 
in Example 7-4? 


(a) What is the effective value of the voltage of the alternator 
(b) What is its average value? 


Given: 

EniHJL = 500 


Solution: 


Find: 

E = ? 

Eny, = ? 


(d) 

(b) 


E = 0.707 

= 0.707 X 500 = 353.5 volts 
®avt> = 0,637 ^mnx: 

= 0.637 X 500 = 318.5 volts 


Example 7-6. The rins value of a current in an n-c circuit !•’ 10 amperes, (a) 
What is the maximum value? (b) average value? 


Given: 

7 = 10 amp 


Solution: 


Find: 

7m-x -= ? 

/hv, = ? 


(fl) = 1.414 X 7 

= 1.414 X 10 = 14.14 amp 
(6) 7 uvd = 0.63/ 7in,ix 

= 0.637 X 14.14 
= 9.00 amp 


7-7. The D-C Generator. The Sim'ple Generator. The current pro¬ 
duced by a d-c generator is unidirectional; that is, one terminal of the 
generator is always positive and the other always negative. On the a-c 
generator described in Art. 7-4, one brush, 7ii, for example, is jDositivc 
during the first half cycle and negative during the s(?cond half cycle, while 
the other brush Bi is negative during the first half cycle and positive during 
the second. The simple a-c generator can be made a d-c generator by 
installing a rotary reversing switch in place of the two slip rings. Such a 
device, called a commutator, is used to reverse the connections automati¬ 
cally between the coil leads and the brushes. 

Figure 7-11 shows a simple d-c generator with a single armature coil, 
a commutator, and two brushes. The commutator consists of two seg¬ 
ments Ki and K 2 that are assembled onto the shaft but insulated from it 
and also insulated from each other. The coil side aa' is connected to the 
commutator bar A'l, and coil side 55' is connected to bar K 2 . The carbon 
brushes By and B 2 are mounted in a stationary position and make a sliding 
or wiping contact with the commutator. 

By Fleming’s right-hand rule, it will be seen that the conductor moving 
downward under the N pole will be positive because its induced emf is 
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outward in direction. This is true w^hether it is the conductor aa' or the 
conductor hb' . As the brush Bi is ahvays making contact with that com¬ 
mutator bar w^hich is connected to the conductor moving domiAvard under 

the N pole, Bi will alw ays be the 
positive terminal of the generator. 
By similar reasoning, it can be 
shown that B 2 will be negative. 

The voltage of the d-c generator 
coil ^^ill be exaiily the same as for 
the a-c generator if the coil, poles, 
magnetic field, and speed are con¬ 
sidered to V)e the same for each. 
Ilow^ever, since the commutator has 
been added in place of the slip rings, 
the voltage out put of the generator 
will be unidirectional as shown in 
Fig. 7-12. This figure is similar to 
Fig. 7-5/> Avitli its negative loop re¬ 
versed. 

VolUKje of Siriijle-coil and Mul- 
licoil Gcnvrator.s. The A'oltage of 
I’lr;. 7-11. - A .siniidi'il-c this siiiglt'-coil gcniu'ator is a j)ul- 

sating voltage, and it does not ap- 
liroach the continuous current as is expected of a d-c generator. If the 
gt'uerator is built wdth two ('oils as shown in Fig. 7-13a, it will result in 
an imjnoveil output, voltage. Thv voltages of the two coils individually 
are sliowii as C\ and C 2 in Fig. 7-13h. The voltage at the brushes is ob¬ 
tained l)y adding these tw o. For example, at point 1 the resultant volt- 


Electncal degrees 

Fk 5. 7-12.—Voltagy of a .sinKlL*-coil d-c generator. 

age is 0 + 100 = 1(K) volts; at point 2 the resultant is 50 + 86.6 = 136.6 
volts; at point 3 the resultant is 70.7 + 70.7 = 141.4 volts; at point 4 the 
resultant is 86.6 -\- 50 = 136.6 volts; at point 5 the resultant is 100 -h 0 = 
100 volts. 

Figure 7-14 shows the voltages of four separate coils and also their 
resultant voltage. It becomes apparent from these illustrations that as 
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more coils are added the resultant voltage approaches a straight line and 
becomes similar to the contiiiiious current. 

L'Se of Direct Current. When this current is used for operating motors, 
lights, heaters, and other power devices, it is usually considered equivalent 
to the continuous current; but when used to operate sound devices sucli as 
radio equipment and public-address systems, it will not produce satisfac- 

Rofcthon 



IZ 345 ih) 


Fir;. —A twri-f’oil d-c’ KPiipriilor: f«) flin Konpiator, (10 vollaKO of flip KPiiprafor. 

tory results. In these eases, the wave shape of the output voltage, re¬ 
ferred to as commutator ripple., causes disturbing noises in sound equipment, 
and special filter circuits (.see Chap. XU) must be used. 

7-B. Commercial Generators. The simple generators discussed in Arts. 
7 - 3 ^ 7 _ 4 ^ -ind 7-7 are the fundamental machines; that is, the poles are only 
shown as bar magnets, the armatures have only single coils, and in general 
they contain only the bare nece,ssities. This is done intentionally to make 
it easier to understand the theory of the generators. 

In commercial machines, the simple poles are replaced loy a well- 
designed magnetic circuit as shown in Fig. 7-15. It consists of two or 
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more laminated pole pieces bolted to a frame. The frame in addition to 
supporting the bearings and armature also is a part of the magnetic circuit. 
In order to get a strong magnetic field, the bar magnets are replaced by 


Resulfanf voUage af brushes 
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CoH 1 \ Coi/3\ 

Coil? CoH 4 

Fia. 7-14.— Voltage of a four-coil d-c generator. 


electromagnets. The coils of the electromagnets are called the jidd coils 
and usually consist of a large number of turns of fairly small wire. The 



Fir. 7-15.—The iiuigiietie rirruit nf a l•omIne^^iaI two-pole generator. 


armtiture is constructed of a number of coils placed in the slots of a lami¬ 
nated iron core. The iron core provides a low reluctance path for the mag¬ 
netic lines. The air gap lietween the armature and the pole pieces is kept 
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as small as possible to reduce the reluctance of the magnetic circuit. An 
air gap of approximately 0.015 inch is often found in small machines, while 
air gaps up to 0.125 inch may be found in the medium sizes. The method 
of constructing and mounting the slip rings or the commutator and the 
brush holders is also varied to provide adequate ciirnmt-collecting methods. 

Alternating-current generators, ^^ith the exception of very small sizes, 
are usually made A\ith the field poles on the rotating unit ami the armature 



I'JU. 7-lb Dihas'scniVjliid mcw of an ii-r Koiioratoi EUrlru fompany ) 


winding, now called the stator^ as the stationary part. This requires fewer 
slip rings, provides a better magnetic circuit for the armature, i)ermit 3 
higher speeds, and makes liigher voltages possible. A disassembled view 
of an a-c generator of the rotating-field type showing its stator, rotating 
field unit, liearing brackets, and brush holders is given in Fig. 7-16. An 
a-c generator, w hether of the rotating-field or rot at ing-armature type, 
requires direct current for its field circuit. In many installations, no d-c 
powder line is available, and under these conditions it is common practice 
to mount a small d-c generator on the end of the alternator so that it may 
be operated from the same driving force. This d-c generator need only 
supply current to the alternator’s field coils and is called the exciter. Its 
rating is usually less than five per cent of the alternator rating. Figure 
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7-17 shows an alt(M’iuitnr wilh its own rlirort-fonnofted ex[‘itpr. Alter¬ 
nators are usually made three-pliase ttj obtain maximum efheieney of the 
alternator and powt'r systcun. l^ven though an alteniat(»r is a three-phase 
maehine, it can efliei(‘ntly supply power to single-phase eireuits. 


s 



L_ ■ • 

1 II. 7-17 V IJ.'j(l-k\.i, 7J() ipin, liU-i \ i k‘, i-i ^I'lin iIdi willi .i dii im l-i niiiiL't toil 

I'M'itt'r (11 1 .sO/iyAfMf.M Flntfn ('uritoiiUinu ) 

Direet-eurrent generators are mad(‘ only of the stationiiry-lield typo. 
An internal view of a d-e generator is given in Fig. 7-IS. The armature 
and eommutator are eon.strueted as shown in Fig. 7-11) and a eomplete 
generator in Fig. 7-20. 

7-9. Transformers, f'.s'f of Transformtrs ui Powir Systims. One of 
the most import anl leasons lor the greater Use of alt [‘mating eurrent over 
direet eurrent is the ease with whieh the voltage may be raised or lowered 
by use of transformers. 'Fhis makes it possible to generate power in large 
quantities at the souree of energy such as a hydrueleetrie station. The 
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voltaRe may tlicn bp raispil (o lr!Ul■^mlssion-lInp valup.s as high as 3(K),0()() 
volts and thereby eHieipiitly transmit jinwer to cities several hundred miles 





1 ir, 7-lS Iiiliriiil A IIM> (if I (I-I (H f s/(/ify/irji/sf /iVrr^Mf f'rtrprtf u/ion ) 



I ir. 7-10 Tito ‘iriii.iturp nf a d-r kpiipi ifrir (Wr ^tinf/^umir Ehririr f'nrjwratmn) 

from thp fTpnf‘iatin»: Matlon M tho outskirts of Piirh pi(y, ri transformpr 
siihstation is installpd to rpflupp thp voltiij^p to rpasonahh* amounts for 
distrilmtion tliroujihout thp nty, and it is tlipn furtlipr .stppppd down by 
additional tran^formprs for Mipplyinp; ronsuinprs with powpr. 
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Principle of Operation. Electromagnetic induction is also the basis of 
operation of the transformer. Figure 7-21 illustrates the fundamental 
transformer consisting of a core and two windings called the primary and 



I’m. 7-2t3.—A d-c geiipriitor. {^Eltciro Dynamic Warka.) 


fCore 



secondary windings. The core provides a path for the magnetic field and 
is generally built up of a large number of thin, high-grade sheet-steel 
laminations. The primary is the winding that receives the energy from 
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the line, and the secondary is the winding that delivers the energy to the 
load. 

The theory of operation of the transformer is as follows: 

1. A\Tien the primary is eoimected to a source of alternating cmf, an 
alternating current is caused to flow in that winding. 

2. Whenever a current flows in a conductor, a magnetic field is set up 
about the conductor. When the current is continually changing in mag¬ 
nitude and alternating in polarity, the magnetic field that it sets up in the 
iron core will do likewise. 

3. The alternating magnetic field is therefore continually expanding 
and contracting. As the magnetic circuit is a closed path, the variation 
of the magnetic field is the same anywhere on the core. 

4. The expanding and contracting magnetic lines will tlierefore cut con¬ 
ductors placed anywhere on the core, and according to Faraday’s experi¬ 
ment, an induced emf will be set up in the conductors. 

5. As the same flux cuts each conductor on the core, the induced emf 
per turn will be the same. Therefore the voltage of each winding will be 
proportional to the number of turns; expressed mathematically, this is 


Ep ^ Np 
Es “ N, 


(7-18) 


G. From this equation, it may be seen that the secondary voltage may 
be raised or lowered by using the proper ratio of turns. 


Example 1-1. It is [Irsirctl to have a railio power IraiiHrormnr step up the voltage 
from 110 volts to 750 volts. How many turns will bo rrM|uiroil on the secoiiiiary 
winding if the primary has 120 turns? 

Given: Find: 

Ef = 110 = ? 

Ea = 750 
Np = 120 

Solution: 

Ep Np 
'Ea^ Na 

E’k 

Therefore Na « tt 
Ep 


120 X 


7M 

no 


— BIB turns 


Operation of Transformer When Loaded. If the secondary is connected 
to a load, a current will flow through the load and also through the second¬ 
ary winding. The power consumed by the load must come from the line; 
hence the primary load must vary in the same manner as the secondary. 
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Kxaminiition of 7-21 shows that there is no eleetrifal eonneetitm be¬ 
tween the primary and seeoridarv wimlins.s. ])(m('r consumed by the 

load is transferr(*d from the primary windinji; to the secondary windin^i; 
by means of the* ina^iudir' flux. The efficiency of thf‘ transfornuM- is very 
hi^h, often abova* 95 prT eent; henc(‘ th(‘ watts on the secondary side are 



Fn: l-2'2 ( 'f)rnrm'rr'i!il h r)f |h>uim 0 aiisFiu nipf^ (ri) I) r>-k^ a O aiisfDrini'r, (Fi) 

in()-k\ii (li^tnliiiliDii t r :iii><r(ti HUM. (r) LM)()l)-k\.i jmivm'I liaiisroi ihim (frr//(KiF Elithir 

Fomitany } 


lU'arly etiual to the watts on llie primary side. Vniha- tliis conditic)n, tla* 
currents vary inversely A\ith the voltaf»es. Alatliematically, this is 

AV/r = A\7.s (7-1!)) 

It can be seen fiaun this tniualion that as the xolla^e is stejiped up by 
a transformer the cinrenl is sti'pped down. This is a deeiileil arlvantaf^e 
in power-transmission svsieins. 

Ksntnpit 7-S A (‘ert:iiFi cilv uaiiurps 5(HKI kilovolt for ils h^jhliiiK loarl. 

If till* traiisrnisyioii liiii* Imih^iii^ tin* |)o\^i*r lu llie i’it\ ih npoi :il cil :it LtJ.OOO volts, 
hiiw much currciil will How in I he traiivsmi.shion lincs^ 

(livpii- Kinil. 

kvii = 5(KK) I,. = ? 

Kr = J 32,IKK) 
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Suluti on: 


Ip 


kva X im) 
Ep 


_ 5000 X 10(K) 

132,000 
= 37-S amp 

Eiamplv, 7-0. A traiiaformcr substation is usoil to ri'iliuH' (In' vollaKO to ^400 
volts for tho ijovver system of E.vample 7-8. What is the sefoiitlary riiiTiMit? 

Given: Fiiitl: 

Ep = 132,000 Is = ? 

E,^ = 4400 
Ip = 37.8 

Solution: 

Ep ^ In 
En ^ Ip 


Is = Ir 


Ep 

Es 


= 37.8 X 


132,000 

4100 


= 1134 amj) 

E.rn}npl(' 7A{). The power of l-]xam|)Io 7-!J is |)asseil through aililitional IraiiKronn- 
ers ( 1 .) reOuec! iho vultapin from 4100 to 110 volts. What is tin*, (.otal eiirreiit at 110 
N'olts? 

Given: I'iinl: 

Ep = 4400 Is = ? 

En = 110 

Ip = 1134 

Solution: 


Is 



= 1134 X 


4400 

110 


= 45,300 amp 


It has benn shown that tht' transformor oporatos broaviso of the clianginK 
mapietie field. The transformer is thc'refoit' an a-e ilevie.e and will not 
operate on dirt'et eurrent. It should be evifl(*nt. also that the fretpicney of 
the secondary circuit will l)e tlu' same as that of the primary. 

Commercial transformers will differ in (‘onstruction from that shown in 
Fig. 7-21, which is merely a cfuivenient form of illustration. Several com¬ 
mercial transformers are shown in Figs. 7-22 and 7-23. 
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7-10. Efficiency. Every generator, motor, transformer or other device 
that transforms energy from one form to another loses some of the energy 
in the process. If a gasoline engine is used to rotate a generator, the engine 
supplies mechanical energy to the shaft of the generator, and this energy is 
converted to the electrical energy supplied to the load. Only part of the 
mechanical energy will be transformed to electrical energy because of the 
friction, iron, and copper losses of the generator. Efficiency is the ex¬ 
pression used to indicate what portion of the energy received by a device 
can be given out by it. Efficiency may be deiined as the ratio of the output 
to input of any device; mathematically it is expressed as 


Effioienoy = (7-20) 

input 

It is more commonly expressed in per cent, as 

Per cent efficiency = X 100 (7-20a) 

input 


Example 7-11. A generator that ia fleliveriiig 10 kilowntls to a loarl reqiiirna 
the gasoline engine driving it to supjily 15 horaepownr to the generator shaft, Whnt 
is the j)er cent efficiency of the generator? 

Given: Find: 

Output = 10 kw Per cent eff = ? 

Input = 15 hp 

Solution: 

output 

Per cent off = . — X HK) 
input 


10 X 1000 
'l5 X 746 


X 100 


1 0,000 

11,100 


X 100 


= 89.:1 


Note: To use the efficiency equation, both the output and input must he in 
the same kind of units. To satisfy this requirement, both the kilowatts and horse¬ 
power were converted to watt.s. 


The efficiency of a transformer is the ratio of power output (secondary 
Avatts) to the power input (primary watts). As the transformer has no 
moving parts, there will be no friction loss, but there will be losses in the 
iron core and in the copper of the windings. 


Example 7-12. A transformer is used to supply the filament current to six 2.5- 
volt tubes. The tubes are connected in parallel, and each requires 2.5 amperes. 
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The vultiiRe at the Htu;oiirlary of the transformer is 2.65 volts. What is the efficiency 
of the transformer if its primary draws 50 watts from the line? 

Given: Find: 

Es = 2.05 Per cent eff = ? 

/fl = 2.5 X 6 
\Vp = 50 

Solution: 


Per cent elT 


watts output 

-- X 100 

watts input 


2.0 5 X 2 5 X 0 
50 


X 100 


_ 30.75 
50 
= 70.5 


X 100 


Wiring syst-i^rns carrying (‘iirront are iictiially being used tu transport, 
(dtu'trieal I'Tuvrgy from a source to a load. In doing this, some energy is 
lost V)y the wire, "riiis loss appears in the form of heat wliich the wire 
gives off to the surrounding air, and it is erpial to I'R. 


Exawpir 7-13. The wires from the secnnihiry of the transformer to the first 
tuhe nf 10.\tiin|)le 7-12 have a resistance of 0.01 ohm. (a) What is the pr.)w[*r lost in 
the wires? (/d What power is availalile at the tubes? (r) How cHieiently is tiie 
wiring doing tlie job? 


Given: 

I = 2.5 X 0 
= 0.01 
I\h = 39.75 


Find: 

P wire 
P tubes 
Per cent elf 


Solution : 


(fi) 

Pyy 

(b) 

Pt 

(r) 

Per cent eff 


= PH = (2.5 X 6)=^ X 0.01 
= 2.25 watts 

= P.s - P,r 

= 39.75 - 2.25 


37.5 watts 
P .at tubes 
P at secondary 
37.5 


X 100 


39.75 


X 100 


= 91.3 


7 


? 

? 


Kfficiency of most (deetrical apparatus is high, and generally the larger 
the device the higher its efficiency. Large generators and motors have 
efliciencies arouinl 00 per cent, and large transformers as used by power 
companies may have efficiencies of 98 per cent. 



ELECTRICAL POWER APPARATUS 


2(^3 


BIBLIOGRAPHY 

CnoFT, T., American Electrician's Handhouk, .Mn(".r:nv-liill Bonk (’on)paiiy, liu’., 
New York. 

Dawes, C. I.., Cowrie in Electrical ErufinevrirKj, ^'ols. I and 11, ]\le(3raw-llill Hook 
Company, Inc., New York. 

tJiiAY, A., mill Wallace, (I. A., J^rincipies and l^raclirr of Elvetn'eal A’/ij/inrcn'/if/, 
McGriiw-lIill Book Company, Irif.. New ^’ork. 

Nadon, J. A1., and Gelmine, B. J., Industrial Elvctricitif, D. A'an Nostraiul C’oinpany, 
Inc., New York. 

Timhie, W. if., Elements of Elce.tricil\j, John Wiley it Sons, Inc., New York. 

QUESTIONS 

1. What kinds of current are used to ojicrate radio reeiMvers? 

2 . Name several a])|dications when' haltery |ioui-r is used to oper.ale ratlio iMpiip- 
mroit. 

3. Where is the d-c power syslein most likely to he founil? 

4. (a) Why are a-c vsysl eins used so exhuLsively? (/ i What perfenlap;e of power 
is generated as all[‘rnal irifi; current? 

5. (a) Wit h what fundanu'nt al ininciple of elect riciI>• is Faradjiy’s name asso¬ 
ciated? (fj) Describe a simple ex|)erimeri( that illustrates this principle. 

6 . State I'demiiiK’s ri/^lit-hand rule. 

7. What c.onditions are lUM-essary in oriler to have a voltajjje induced in a con- 
duid.or? 

8 . Describe the fundanieiital p:enerator. 

9. Under what conditions will (hi* induced emf have a valu(‘ of one volt? 

10. To what f.'if'tors is l lie iiiduceil emf i)ro])orlional? 

11. Descrilie the vidtaue induced in a conductor (hat is bidnj; rotated at a con¬ 
stant- rate of siieial tliroUKh a uniform magnetic fiebl. 

Note: Consider this as a simple two pole a-c generator. 

12 . Give a ibdinition of an alternatinn current. 

13. Define (a) alternation, (h) cyide, (r ) fref|uimcy, (d) inoiod. 

14. (hmi])are the values of freipieiicies used in power systems with those used in 
radio and television. 

IB. Define {a) ma.ximum valui;, {h) instantaneous value, (c) average value, (d) 
elTective value. 

16. Describe a simple method of drawing a sine wave. 

17. Describe the a-c ani|>ere. 

IB. How does the construction of a simple il-c generator differ from that of a 
simjile a-c generator? 

19. (a) What is a commutator? {l>) How is it constructed? (c) What is its 
purjiose-' 

20 . (a) What is the disadvantage of a single-coil generator? (U) How' is this 
disadVantage overcome? 

21. (ri) What is meant by commutator riijple? (h) What effect does it have on 
the operation of sound proilucing erj[uii)ment? (n) What must be done to correct it? 

22. Describe tlie field and frame comstruction of a commercial generator. 

23. Describe the armature construction of a commercial generator. 

24. (a) What is the location of the’armature and fiebl poles of tlie commercial 
a-c generator? (?/) What are the advantage.s of this type of construction? 

25. Why is an exciter required with an alternator? 
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26. How d oea the rating of the exciter compare with that of the alternator? 

27. What ia the importance of tranaformera to a-c ayatcma? 

2B. What are the fundamental parts of the transformer? 

29. (a) What ia the purpose of the core? (fc) How ia it constructed? 

30. Define (rz) primary, (h) secondary. 

31. Explain the principle of operation of the transformer. 

32. Can a transformer he ojjerated on direct current? Jixplain. 

33. What ia the relation of the primary voltage and turns to the secondary volt¬ 
age and turns? 

34. How docs the voltage per turn on the secondary side compare with that on 
the primary side? Why? 

35. How' do the primary and secondary currents vary with the voltages? 

36. (a) What is meant by efficiency? (6) IIow' is it usually expressed? 

37. Is the efficiency of most electrical apparatus high or low ? Explain. 

PROBLEMS 

1. A generator having 20 coils, each consisting of 24 turns, operates at a speed of 
1200 rpm, and the flux per pole is 650,000 lines. What is the value of the induced 
emf? 

Note: Each turn has two conductors; therefore C = 2 X 24 X 20, or 1 ) 60 . 

2 . A generator having 15 coils of eight turns each is operated at a speed of 3600 
rpm. What is the induced emf if the flux per pole is 765,(KK) maxwells? 

3. How many turns per coil are required on each of the coils of a generator that 
is to have an emf of 125 volts if it has 15 coils? The flux per pole is 1,150,000 max¬ 
wells, and the speed is 1800 rpm. 

4. What would the voltage of the generator of I’rob. 3 be if the speed is increasetl 
to 36fX) r|)m? 

B. What is the flux p(*r pole of a generator that has 33 coils of eight turns each and 
that produces an emf of 115 volts when rotated at a speed of 1500 rpm? 

6 . What is the frequency of a four-pole alternator operating at a speed of (ti) 
18(K) rpm? (5) 15tK) rpm? (r) 750 rpm? 

7. What is the frequency of a six-pole alternator operating at a speed of (a) 
1200 rpm? (5) H(K) rpm? (r) StXlrpm? 

B. At what speed must a two-pole alternator be ilriven in order to have a fre¬ 
quency of (ri) 25 cycles? (5) 60 cycles? (c) 120 cycles? 

9. llow' many poles must an alternator have if it is to produce 500 cycles when 
driven at (a) 15(X) rpm? f5) 3(X)0 rpm? 

10. What is Ihe jieriod of an alteriialing voltage whose frequency is (a) 30 cycles? 
(5) 50 cycles? (r) 120 cycles? 

11. What is t he frequency of an alternating current w hose jjeriod is (a) 0.04 sec? 
(5) 0.0167 sec? (r) 0.002 sec? 

12. An a- c sine-wave voltage has a m.aximum value of 250 volts. What is the 

instantaneou.s value at (o) 10°? (5) 41.5°? (r) 107.5°? (r/j 311°? (c) 342.5°? 

13. An a-c sine-wave current has a maximum value of 15 amp. What is the 

instantaneous value of current at (c) 63°? (5) 218.5°? (r) 270°? (r/) 290.5°? 

(c) 345°? 

14. What is the maximum value of a sine-wave voltage whose value is 75 volts 
at 14.5°? 

15. A sine-wave voltage has an instantaneous value of 106 volts at 32°. What 
is its value at 10.5°? 
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16. Draw one cycle of a sine-wave voltage whose maximum value is 300 volts. 
Use at least 36 points to draw the curve. 

17. What is the average value of a voltage whose maximum is 250 volts? 

IB. Using the method illustrated in Fig. 7-0, find the average value of a sine- 
wave voltage whose maximum is 300 volts Use values 2“ apart. What is the ratio 
of the average to the maximum value? 

19 . What is the average value of a voltage whose instantaneous value is !)7 volts 
at 29“? 

20. What is the maximum value of a current whose average value is 7.5 amp? 

21. Using the methotl illustrated in Fig. 7-10, find the effeetive value of the sine 
wave of Proh. 18. What is the ratio of effeelive to maximum value? 

22. What is the cITective value of a current whose maximum value is 3.54 amp? 

23. What is the elTective value of a voltage that has an instantaneous value of 
152 volts at 49.5"? 

24. What is the effeetive value of a 
current that has an instantaneous value 
of -3.00 amp at 270°? 

26. What is the effective value of a 
voltage that has an instantaneous value 
of —150 volts at 315°? 

26. What is the idTective value of a 
voltage whose average value is 200 volts? 

27. A sine-wave voltiigo has an in¬ 
stantaneous value of 145 volts at. 133.5“. 
hind (ri) the maximum value, the av 
eriLge value, (r) the effeelive value. 

28. Draw a diagram showing the 
vrjltagc of a two-coil d-c generator. 

J-‘icli coil delivers a sine-wave voltage 
"hose maximum value is 85 volts, and the individual coil voltages are 90 electri¬ 
cal degrees apart. What is the maximum and minimum value of the resultant vol¬ 
tage? 

29. Repeat Proh. 28 for a three coil d-c generator. Each eoil voltage has a 
maximum value of 60 volts and is 60” from its adjacent voltage. 

30 . Re])eat Proh. 28 for a four-eoil d-c generator. J']ach coil voltage has a maxi¬ 
mum value of 100 volts and is 45° from it.s adjacent voltage. 

31 . A transformer is required to step up the voltage from 110 volts to 480 volts. 
How many turns are required on the seeomlury wdmlirig if the primary has 150 turns? 

32 . A transformer is required to step uj) the voltage from 120 volts to 1500 volts. 
How many turns are required on the secondary winding if the primary has 140 turns? 

33 . IIow^ many turns are required on the primary winding of a 120/1500 volt 
step-up transformer if the secondary has 1200 turns? 

34. The transformer shown in Fig. 7-24 has 192 turns on its primary winding, 

(a) How many turns are there on winding cd? (b) How many turns are there on 
winding p/? (c) How^ many turns are there on winding gi? id) How many turns 

are there at gh and hi? 

35. A 110/700 volt step-up transformer has a current of 150 ma on the secondary 
side. What is the primary current, assuming the losses to be negligible? 

36. A 120/1500 volt step-up transformer has a current of 350 ma on the secondary 
side. What is the primary current, assuming the losses to be negligible? 
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37. A 4400/110 volt atep-dowii transformer is used to supply a lighting load. 
(a) If the primary eurrent is 5 amp, what ruiTent will flow in the seeondary assum¬ 
ing the losses to he negligihle? What is the kilovolt-ampere load on the trans¬ 
former? (t;) How many lOO-watt lamps ran it suj)ply with electrical energy? 

38 . What is the current in the primary winding of the transformer in J*roh. 34 
if the eurrent in See. r;r/ is 6 amp, in «/ is 3.5 amj), and in f/i is 180 ma? 

39 . What is the efficiency of a transformer that draws 28 watts from the line when 
it delivers !) amp at 2.5 volts? 

40 . Whal. is tlie eificieiiey rjf a transformer similar lo that of Proh. 31 if it takes 
!J0 watts from the, line when it supplie.s 5 am]) at 2.5 volts, 3.3 amp at ti.3 volts, and 
120 ma at 375 volts (centi^r-tapped winding)? 

41 . A powt^r transformiT of a rarlio si*t has an efficiency of 78 j)er cent when it 
ilelivers a load fif 40 watts. How much power does it draw from the line? 

42 . What is the power input of a 1 ransforiiier tlnit lias an efficiency of 83 per cent 
when its loail is 05 wai ts? 

43 . How many watts will a fransformer clelivi'r at its secondary if il takes 75 
watts from the line and its effii-ieni*v is 87.5 |)er cent? 

44 . What lnjrsi*|)ower engine is reiiuired lo drive a 3-kw generator if ihe efficiency 
of ihe generator is 80 per cent ? 

46 . A 4(K)-watt generator requires 4 hp from its gasoline-driven engine. What is 
the efficiency of the generator? 
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INDUCTANCE 

Tho discoverins of Ori-stt'd and Faraday are amon^ the iviost. important 
ill the entire fields of radio anti eleelronies. rnderstaiiilin^ ihi* priiiei])h‘ 
of the maKiietie field ahovit a ciirrenl-earryiii^ eonthifl or and that of elee- 
troniagnetie iiuhufion led to (he development of eleetiieid maeliines. 
'riie development of radio eireuits also was made possible liy the same 



/4. C. Poiver supp/y 


I'o:;. S-1. —Alt.[*riiutiji(i r‘iirrr*rit flowiuK in 
coil. 



I'lr;. 8-2. MiiKiiiMif fii'lil .st‘t up wlipii rliir- 
Iron.s an* flrnviii/u^ outwarrJ at r-oiidiift r)r A. 


priiieiples. In radio and television, these prineiples an* employed in tlie 
fuiu'tioiiiiig of inihietanee eoils, or choke etiils, as they are called, 

and of a-f, i-f, and r-f power transformers. 

B-1. Inductance, Lenz’s Law. Inductance. In Arts. 5-III to 5-15 the 
effects of the magnetic field about a conductor and about a group of con¬ 
ductors in the form of a coil were studied. At that point, the study was 
based entirely on the elTects produceil by a current, that, was rionstant in 
amount,. When the current is changing in amount, a new etfeet called 
inductance must be considereLl. Inductance in the property of a circuit 
that opposes any change in the amount of current. 

When an alternating voltage is applied to the coil shown in Fig. 8-1, 
it will causf^ an alternating, and therefore continually changing, current 
to flow in the coil. If the conditions concerning conductor A of Fig. 8-2 
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are considered, it will be seen that during the positive half cycle of the 
alternating voltage, electrons will be flowing outward at this conductor. 
During this half cycle, the current starts at zero, gradually increases to 
its maximum value and then gradually decreases to zero. 

Circuit Reactions with Incrvasimj Field, Considering first the increas¬ 
ing values occurring from 0 to 60 degrees, it follows that the magnetic 
field too will be increasing in strength (Art. 5-14). Reviewing the four 
rules concerning magnetic lines (Art. 5-8), it is evident that as the current 




Fifi. 8-3.—VoltuKP indin’.pd in poiiduptor li when thp eurreiiL in poiulurtnr A is inoreasiiiK in 
slrpiiKth: (a) dirprtion nf flow of plprtrons in iTHiduftor A, (h) left liiiiid ii.stMl to detpriniini 
tlip direction of thn iiuluLUMl oinf. 


is increasing the magnetic lines about conductor A will be expanding and 
in doing so they will cut conductor R, which is adjacent to it. P'araday’s 
experiment has shown that whenever there is motion between a conduc¬ 
tor and magnetic lines an emf will be induced in that conductor. Con¬ 
ductor B will therefore have an emf induced in it. The direction of this 
induced emf may be determined by the left-hand rule as illustrated in Fig. 
8-3; it is found to be coming out at conductor B. This induced emf is 
ill the opposite direction of the impressed voltage. It reduces the effect 
of the impressed voltage to push current through the coil. The more rapid 
the change in the amount of current, the greater this emf will be and the 
greater is the opposition to the change in current. In general, then, the 
induced emf opposes any increase in the amount of current. The value of 
the emf is equal to the product of the number of turns of the coil and the 
magnetic flux divided by the time in seconds necessary for the flux to 
change from its maximum value to zero. Expressed mathematically 
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^ tXlG^ 

induced voltage 

number of turns 

number of lines linking the coil 

time, seconds 

(8-1) 


Example 8-1. A flux of 1,800,000 lines links a coil having 300 turns. The flux 
in the coil decreases from maximum value to zero in 0.18 second. What is the value 
of the induced voltage? 

Given: Find; 

= 300 e - ? 

0 = 1,800,000 
i = 0.18 


Solution: 

^ f X 10“ 

3 00 X 1 ,800,000 
0.18X10“ 

^ 3 X 1.8 
0.18 

= 30 volts 

From the above example, it can be seen that the voltage induced in a 
coil is proportional to the number of turns in that coil and the rate of change 
of flux. 

Circuit Reactions with a Decreasing Field. In considering the values 
from 90 to 180 degrees, it will be seen that the impressed voltage is de¬ 
creasing and that the current in conductor A will then also decrease. 
According to the rules concerning magnetic lines, these lines will now be 
collapsing, and in doing so they will again cut conductor B. The direction 
of motion of the magnetic lines has been reversed, and by applying the 
left-hand rule the direction of the induced emf will be inward at conductor 
B as is illustrated in Fig. 8-4. This induced emf is now in the same direc¬ 
tion as the impressed voltage, and it will aid the line voltage in pushing 
the current through the coil, thereby opposing the decrease in current. 
The more rapid the decrease in current, the greater the induced emf, and 
the greater will be its effort to oppose the change in current. In general, 
then, the induced emf opposes any decrease in the amount of current. 

Combining these two explanations, it can be seen that when the cur¬ 
rent increases the induced emf is in such a direction that it opposes the 
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increase, and that when the current decreases the induced emf is in such a 
direction that it oppo,st\s the decrease. This ofTert is called inductance 
and conforms to the definition that inductance is the property of a circuit 
which opposf?s any chanfi;e in the amount of current. It should be noticed 
that change is a vc‘ry important word in this definition. 

Lenz\s Law. It will be noticed that the induced emf in any case tends 
to oppose any change in the amount of current. This is commonly re¬ 
ferred to as Lenz's law. This law has been stated in various forms by 



Fit;. S-4.—Vultapp iiuluforl in romlurtor B whon Ihp current in r-onclurtnr A is clerreasing in 
streiiKlh: (fi) dirertinn rif flnw uf electrons in ctmdiir.tor A, [b) lefl hand used to determine 
the direelion of the indiired cnif. 

ditTcroiit texts; tlie one best serving our purpose may be stattal as follows: 
When the rurrcnl in a circw'I is increasing, the induced emf opposes the ap¬ 
plied roUagr and. tends to keep the currc7it from, increasing; nnd when the 
current is decreasing, the induced emf aids the li^ie voltage, and tends to keep 
the current from decreasing. Another way of stating Leiiz’s law is: When 
a current flowing through a circuit is varying in magnitude, it produces a 
varying rnagneiic field u7i ic/i sets up an induced emf that opposes the current 
change pruducing it. 

Presenre of rndu.ctance. The above discussion was based upon what 
took place at conductor .1 during the positive half cycle. Applying the 
same reasoning to conductor A for the negative half cycle, it can be shown 
that a similar elTect takes place. Applying this reasoning to any other 
conductor, it vill be seen that the same conditions exist at all conductors. 

It slumld now be evident that inductance is elTective only when there 
is a changing current present in a circuit. With d-c circuits, this condi¬ 
tion usually exists only at the instant of time when a circuit is closed or 
opened by means of a switch; therefore, the inductance in such circuits is 
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generally disregarded. In a-c circuits, the current is continually changing 
and inductance is always present, and its elTect must he considered in all 
a-c circuits. 

8-2. Self-inductance. Self-inductance Ls defined as the property of a 
single circuit that opposes any change in the amount of current in that 
circuit. The preceding article actually presented an explanation of self¬ 
inductance. The discussion in the following paragraphs will present the 
unit of inductance and the factors affecting the value of iiuliuitaiice. 

Unit of Inductance. The unit of inductaiu’e is the henry\ it was named 
in honor of an early American scienti.st, Joseph Henry. A ciiruit has a 
self-inductance of one henry when a current changing at thi: rate of one 
ainpen^ per second induces an average of one vt>lt. The symbol used to 
r(‘present inductance is the capital letter L. 

Factora Affcctiny the Indurlanrc of a (UrU. While practically all cir¬ 
cuits are likely to have some inductance, it is comniou to think of iiidu(‘t- 
aiice only in terms of a coil. When a coil is used t‘\pressly for its property 
of inductance, it is called an inductor. Idu* self-inductance of a coil de¬ 
pends upon its physical characteristics, thjit is, its dimensions, number r)f 
turns, and the magnetic (pialities of its cort*. Bi‘caus(‘ i( is sonu‘tirnes difli- 
cult accurately to predict the magnetic (‘oiiditions in a circuit, several 
equations are used to express the relations of flu‘ factors afffading (lit' in¬ 
ductance of a coil. 

When till' length of a coil is several tinu's its dijLnu'ter, it is called a 
.solenoid. For a solenoid whose length is at least 10 times its diametei’, 
the inductance may be calculated by the equation 

1.2(iAr gvl , 

^- mr 

where L = inductance of the coil, henries 
N = number of turns 

= permeability of the core 
A = area of the core, square centimeters 
I = length of the core, centimeters 

Exaynple S-2. Whjil is ihn indui ljint r' i»f ji tuning U»;it twis 300 tums wound 
un a rardbuard tubing 4 [■niUimctcr.s in diamnUu- and 40 ncntimnliirs long? 

Notk: As cardboard is iionmagiiL*ii[!,/I = 1. 

Given: Find: 

= 300 L = ? 

M = 1 
d = 4 cm 
I = 40 cm 
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Solution: 


A 


^ 3.14 X 4 X 4 
4 "" 4 


12.56 sq cm 


1 . 26 ArVA 

L =- 

10*Z 


L26 X 3 00 X 300X IX 12.56 
10« X 40 ~ 

« 0.000356 henry 
B 356 /ih 


Example 8-3. What inrluctaiice would the coil of Example 8-2 have if it was 
wound on an iron core whose permeability was 4000? 


Given: Find: 

- 300 L = ? 

p = 4000 
A = 12.56 
I » 40 

Solution: 


L 


1 . 26 ArVA 

\m 

L26 X 300 X 300 X 4000 X 12.56 
108 X 40 
1.424 henries 


Example 8-4. What inductance would the coil of Example 8-3 have if there were 
900 turns of wire on the coil? 

Given: Find: 

JV - 900 L = ? 

p “ 4000 
A - 12.56 
{ - 40 


Solution: 


L 


\.2%N^pA 

\m 

1.26 X 900 X 900 X 4000 X 12.56 
10* X 40 
12.81 henries 


The-above examples indicate both that the inductance can be increased 
considerably by winding the coil on a ferromagnetic core and that it also 
increases as the square of the number of turns. Changing the turns from 
300 to 900 or making their number three times as great increases the in¬ 
ductance by 3 X 3, or nine times. 
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Multilayer, Pancake, Solenoid Coils. Equation (8-2) was used because 
it illustrates by the simplest mathematics how the various factors affect 
the inductance of a coil. The dimensions of coils used in radio circuits are 
such that they seldom conform to the conditions of this equation. In 



Fia. 8-5.—Types of indu[;tance coils: (a) multilayer, (f;) flat or pancake, (c) snlenniri. 


most cases it becomes necessary to resort to one of the three foil owing 
equations. Figure 8-5 shows three classifications of coil shapes for which 
the three equations are used. Figure 8-5a is called a mvliilayer coil, and 
its inductance may be found by use of the equation 


L = 


6o + 9b + 10c 


(8-3) 


where L = inductance of coil, microhenries 
N = number of turns 
o, b, c = dimensions, inches (Fig. B-5o) 

Figure 8-5b shows a flat or pancake coil whose inductance may be cal¬ 
culated by the equation 


L = 


aN^ 

8o + 11c 


(8-4) 


where L = inductance of coil, microhenries 
N = number of turns 
a, c = dimensions, inches (Fig. 8-5b) 

Figure 8-5c shows a form of solenoid in which the length does not ex¬ 
ceed its diameter by any great amount. The inductance of such a coil 
may be found by the equation 


aW2 

9a -h TOb 


(8-5) 
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where L = induetance of coil, microhenries 
N = number of turns 
a, 1) = dimensions, inches (FiR. 8-5c) 

Exam-ph. 8-5. What is the inJuntaiii'R of a multilayer coil that has 1200 turns and 
whose dimeiisionH are a = li, = 2, and c = inches? 


Given; 

N = 1200 
a =: ] .5 
h = 0.75 
c = 1.5 

Solution: 

n.8r/W= 

" “ fKi -h + lOr 

_ O.S X 1.5 X h5 X 1200 X 1200 

” 6 X 1.5 4 !) X 0.75 -j- 10 x Ts 

_ 2.502,000 
3075 

= 84,202 tih 

= 84.202 mh 

The abovt^ equations will give reasonMl)ly accurate results for mils 
wilhoul. iron cores such as may l)e found in r-f circuits. Whtui iron cores 
are used, more accurate' results can be obtained by securiitR readings of 
volts, amperes, anti either watts or resistance, as will be explained later. 
Numerous tables and charts have bi'cn prepared to facilitate calculations 
of inductiince or number of turns by short-cut methods. Some of these 
tables or charts may be found in the references listed in the bibliography 
at the end of this chapter. 

8-3. Inductive Reactance, Angle of Lag. It has been shown that in¬ 
ductance is the property of a circuit which opposes any ehange in the 
amount of current flowing in a circuit. The effeets of inductance in an 
a-c circuit, are twofold; namely, it sets up an opposition to the flow of cur¬ 
rent, and it causes a delay or lag in the current. 

Indyctive Reactance. The study of inductance has shown that the 
changing magnetic field induces a voltage in such a direction that it op¬ 
poses any change in the amount of current. This results in the current 
being lower than if inductance were not present, and inductances must 
therefore introduce an opposition to the flow of current. This opposition 
is called rndi/cflYr rcactancx: and is expressed in ohms; its symbol is Xl- 
The value of the inductive reactance is affected by two factors, one being 


: 

L = ? 
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the inductance of the circuit and the other the rate or speed at which the 
current is changing. The inductance of a circuit depends on the physical 
characteristics of the circuit and has been explained in Art. 8-2. The 
rate of speed at which the current is changing is directly proportional to 
the frequency of the power supply to which it is connected. The effect 
of these two factors results in the equation 


Xz. = 2irfL 


( 8 - 0 ) 


where = inductive reactance, ohms 

/ = frequency, cycles per second 
L = inductance, henries 

If a circuit is assumed to consist of inductance only, the amount of 
iMUTcnt flowing in such a circuit would be e(|ual to its voltage dividetl by 
the inductive reactance, or 


II = 


E, 

X, 


(8-7) 


Example 8-0. Tho cluikr mil of :i Oltpr lias an iiiiluiianri' uf 30 liiMirina. 

(a) What is its irului-tivo rpMciMiire on a OO-fyclo eirouit? f^) WInii nurrent will 
flow when the voltage urross the eoiJ is 250 volts? 

Given; 

L = 30 
/ = 60 
£• = 250 

A L = 27r/L 

= 2 X 3.14 X 60 X 30 
= 11,304 ohms 

2 ^ 

~ 11,304 

= 22.1 ma 

Example 8-7. The primar}" of an r-f transformer has an inrluetanec of 350 
(a) What is its iiuluiitive reaetance at 1200 ku? (f>) What current w'ill flow' when 
the voltage across the primary is 10 volts? 


Solution: 
(a) 


(«>) 


Fiiiil: 

A/. = ? 
Il = ? 


Given: 

L = 350 X 10-“ 
/ = 1200 X 10“ 
£ * 10 


Find: 

Xl = ? 
Il = ? 
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Solution: 

(o) - 2irfL 

= 2 X 3.14 X 1200 X 10» X 350 X KT" 

= 2637.6 ohms 



10 

" 2637.6 
-= 3.79 ma 

Effect of the Resistance of an Inductive Circuit. In actual practice it 
ia impossible to have a circuit containing only inductance because the 
wire of which the inductor is wound has some resistance. The resistance 
is usually so small compared with the inductive reactance that it is ignored 
and the circuit is assumed to contain inductance only. 

If the resistance is to be considered, its ohmic effect must be com¬ 
bined with the ohmic effect of the inductive reactance. The combined 
ohmic effect is called the impedance and is represented by the symbol Z. 
Mathematically it is equal to 

Z = VR^TY? (8-8) 

where Z = impedance of the circuit, ohms 
R = resistance of the circuit, ohms 
Xl = inductive reactance of the circuit, ohms 
When both the resistance and the inductive reactance of a circuit are 
taken into consideration, the current flowing in the circuit wdll be equal 
to the voltage of the circuit divided by its impedance, or 

/ = I (8-9) 

Avhere I = current flowing in the circuit, amperes 
E = voltage of the circuit, volts 
Z = impedance of the circuit, ohms 

Example 8-8. If the coil of Example 8-6 has a resistance of 400 ohms, (o) what is 
‘ihe impedance of the coil? (b) What current will flow when the voltage across the 
coil is 250 volts? 


Given: 

Xl » 11.304 
E - 400 
£ - 250 


Find: 

Z - ? 
I - ? 



Aht. 8-31 


INDUCTANCE 


277 


Solution: 
(«) 


{b) 


z = H- Xi? 

= \/4002 -h 11,3042 
= VlOOOfK) + 127,780,416 
= Vl27,i)40,416 
= 11,311 Dlims 



250 

11,311 


22.1 ma 


Comparison of the rt'siilts of ICxamplos 8-() anil 8-8 shows that tho im¬ 
pedance and inductive reaetanee are praetieally equal and that, tlie cuiTent 



R=I2n 

L=0 



0 0.01 0.0Z 0.03 0.04 0.05 0.06 0.07 0.08 
Time, seconds 

(b) 


I n;. 8-0. Tinip reriuirrMJ for flu* lurrpiit to ImilrJ up in u fin-uil, ooiiluininK only rR.siKiHiU‘.p: 
(fj) tin? l irt uit tliiiKnirn, (h) a ^raph slinwiiiK Lhc rcilutiori hptwenn r,urri*iit and iiini*. 

too is practically the same whether the resistance is considered or neg¬ 
lected. This is always the case when the inductivi' rcaidaiice is ten (or 
more) times greater than the resistance. 

Time ConslatU. Idiat inductance causes a delay or lag in the current 
is shown in the following manner. If a length of wire is arranged so that 
it has no inductance (for example, kept straiglit so that at no point will 
two sections of the wire be near each other), its only effect will be that of 
resi.stance. If the length of the wire is such that it has a resistance of 12 
ohms and it is connected through a switch and ammeter to a six-volt 
battery (Fig. 8-Oa), a current of or 0.5, ampere will flow when the switch 
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is dosed. Furihermore, heeaiise the circuit contains resistance only, the 
current will reach this value practically instantly as indicated hy the 
of Fi^. 8 -()/>. 

If th(‘ pi(‘ce of wire, or an identical piece, is wound around a cylindrical 
form, it will haiai indiK'tance as well as its rc'sistance of 12 ohms. If the 
coil is c(>niu!cted to a cii cnit as in 8-7fi, the current upon closing the 
switch will beconn* £- 5 , or t).5, ampere, d'lie current however will not 

volts 

T_ 

(a) 


R-/Zn 

L-0.35h 



Time, seconds 


(b) 

lOis. S-7. Tilin' rciiuircil fnr llii‘ i iirrent In liuilil up in :i rirruil conliiiiiiiiK insistuiifi:* liiitl 
iiiflui-ljini'i': (/i) till' rircuif iliaKnim. n Kii»l>li slmwiiiK llu* rnlahnn r uiTL'nl and liini'. 

allain lliis Aodiie instanlly because of the inductani-e now present in the 
circuit. The amount of time riapiired for the ciinent to reach its final 
value depemls upon tlie relative amount of inductance anrl resistance in 
the circuit. If the inductance of this circuit is 0.3(i henry, the time re¬ 
quired for till' current t o build up is that wiuch is shown in Fig. 8-7^. The 
ratio of inductaiua* to resistance is called \hv. tiinv corLs(ant and represents 
the time in seconds required for the current to build up to t)d .2 per cent of 
its final vajue. Mathematically it is expressed 

t = ^ ( 8 - 10 ) 

where f = time in seconds for current to reach 63.2 per cent of its final 
value 

L = inductance of tlie circuit, henries 
R = resistance of the circuit, ohms 
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Example 8-9. What time is required for the current in the circuit of Fig. S-7a 
to build up to 63.2 per cent of its final value? 


Given: 

L = 0.36 
-= 12 

Solution: 



Find: 
i = ? 


^6 

12 


= 0.03 sec 


Ayiglc of Lag. If the battery in Fig. 8-7a is replaced with a source of 
alternatinp; current, the effect ()f the inductance in tlie cii'cuit will cause 
the current to lag cr)ntinually behintl the voltage. Tin* aruoiint of lag is 
dependent upon the relative amount of inductance and lesistance in tlu^ 
circuit and is generally exi)ressed in electrical degrees instead of tinn^ in 
seconds. It is determined mathematically by e(|uation 


cos d — — 


li 


^ av 


(8-11) 


Exauiplc iS-10. If tlic circuit, of Fig. S-7a is crmncct.iMl In ;v 00-cyclc six-vnlh a-c 
power supply, find ia) the inductive reactance, (fO the impedanee, (r) the angle of 
current lag, (d) the current. 


Find: 

A /^ = ? 
Z = ? 
0 = ? 
1 - ? 

(a) Xi^ = 2irfL 

= 2 X 3.14 X 60 X 0.36 
= 135.6 ohms 

ib) z = Vru + 

= \/l2^ + 135.6* 

= \/l44 -F 18,3“87 
= 136.1 ohms 

(c) Cob ^ ~ ^ 

12 
136.1 
= 0.0881 

9 = 85° (from Appendix XI) 


Given: 

R = 12 
L = 0.36 
E = 6 
/ = 60 

Solution: 
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6 

“ 136.1 
— 0.0440 amp 

By fixaminiriK Eq. (8-11), it nan hr* sonn that if it wnre pos.siy)lR to Imiltl 
an inductanc'o \vilhf)iit any rRsistanfC tin* value of cos 6 would l)e zero anil 
the anmle. I)y whieli the. eurrent would la^»; the volta^j;i* would l)e 00 di'ftiees. 
It may also ht* seen that if no iiiduelanee is present tlie vtiliie of cos 0 
woiilil he 1 and the anj^h* wovdd l)e 0 d(‘p(*es. In aetiial praetiee, induet- 
anee noils nannot lie huilt without resislaiua*, therefore, a l)0-de;>;Tee an;i;le 
of la^ nannot hi* ol)tained. I’raniinal induetaiines often aehii've angles 
up to 80 or 85 degrees. 

The angle between the eAirrent and voltage may l)e illustrated hy sine 
waves as in Fig. 10-2 or iiy veetor diagrams as in Fig. 10-1 la. The vector 
method of representation is the one most eommonl}^ used. 

8-4. Mutual Inductance. When two windings are planed so that a 
change of current in one will cause its changing magnetic field to cut thi^ 
turns of the other, an induced einf will he set up in the second coil. The 
two circuits are then said to possess mirOifd inductanve. 

Prinrvplc of Mufuai rndurlancc. This may he demonstrated hy the* 
circuits shown in I'ig. S-S. A coil A A' is formeil hy winding a numher of 
t-uiTis on a (lore of cardboard tulnng. A s(‘eonil piece of earilhoard tulnng, 
one whose inside diameter is slightly larger than the outside diameter of 
the completed coil, is then placed over the coil to act as an insulator anil 
as a form for tlu* second wiiiding BB'. The coil BB' is then wound over 
this tubing. If the winding A A' is connected to a source of alternating 
current and if a voltmeler is connected to tlu* winding BB\ the voltmeter 
will indicate that a voltage is l)eing induced in the winding BB' hy tlie ex¬ 
panding anil contracting magnetic field caused hy the current flowing in 
the winding A A'. 

Cnlciilfition of M}Uual Inductance. If the circuit BB' is connected to a 
load, it will cause a current to flow in the winding BB' and set up a mag¬ 
netic field of its own. Each circuit can, and under such condition will, 
have an inductance of its own. The inductance of each may be calculated 
separately hy a suitable equation from the group (8-2) to (8-5). The 
A\'inding t hat recei\a's the energy from the power line is called the prijuary 
winding, and its self-inductance is usually designated as Li. The other 
winding is called the sccandary, and its self-inductance is designated as Z^o- 

Unit of Mutual Inductance. When the current changes in one circuit 
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as A A', at the rate of one ampere per second and it induces an average 
emf of one volt in the second (*ircuil, as BR\ the two circiiits have a mutual 
inductance of one henry. If the self-inductances of the two coils are known 
anti it is assumed that all the magnet ic lines set up by the lirst coil cut all 



liu^ turns of the second coil, the mutual inductarua^ may be found by the 
et [nation 

J1/=\/L,XL, (8-12) 

\\here M = mutual inductance of the coils, henries 
Li = self-inductance of first coil, henries 
Jj 2 = self-inductance of second coil, henries 

E.rani'jiJ? H-11. Whiit i,s the mutual intluctaiicc of two coils wounrl arJjacent to 
'iiif' !i 111)1 her? (Assume that all the maKuetii; lines set uf) in the first coil cut all the 
lions of the second coil.) The primary coil consists of 2(XK) turns wound on a card- 
l)oar[l core two inches in diainetiir and four inches long. The secondary coil criiisists 
uf 40(XJ turns wound on a cardboard core 2\ inches in diameter and 31 if^ches long. 

Given: Find: 

Ni = 2000 M = ? 

Oi = 1 

bi - 4 
Ni = 4000 
a. = 11 
62 = 31 
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Solution: 

Note: Tho coils meet conditions of Fig. 8-5c; we therefore use Eq. (8-5). 

‘ 9ai + 106, 

_ 1 X 1 X 2000 X 2000 
9 X 1 + 10 X 4 
_ 4,CKKJ,000 
“ 49 

= 81,632 Mh 
= 81.6 mh 

I = 

" 902 + 1062 

_ 1.125 X 1.125 X 4000 X 4000 
OX 1.125 + 10 X 3.5 
_ 20,250,0(X) 

4JU25 

= 448,753 Mh 
= 448.75 nih 
M = Vin X L, 

= >/81.l> Xll48.75 
= \/36,61S 
= 191.3 mh 


0-5. Coefficient of Coupling. Calviilatiofi, of Corlfidcnt of Con-pUny. 
When two ciicuits Mit‘ iintingod so (h:it (*1101 gy fif)m one circuit may i>e 
transfi‘rn*il to the oIIum’, tlu' rirriiits are said to l)e roiiplriL Mutual iiuiuet- 
aiu e is an example of eoupled eireuits. 

In t lu‘ east' of mutiud induetaiiee, if all tlie inagnetie lines set up by the 
eurreiit in the lirst eireuit cut all the turns of the seeond eireuit, the eir- 
euils are eoupled perfeelly. If only half th(‘ lines set up in the first eireuit 
eut the turns of the seeond eireuit, the eoupling is only 50 per cent. The 
pereentage of eoupling is usually referred to as the cotfficicnt of coupliny 
and is ilesignated fjy the letter K. It is expressed mathematieally by the 
equation 



where K = the eoeflieient of eoupling (expressed as a decimal) 
M = the mutual induetaiiee of the two circuits 
Li = the self-inductance of the fii\st coil 
L 2 = the self-induetance of the second coil 
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Example S-12. What is flip popfficieiit of coupling of two poils whoso mutual in- 
(luctannc is 1.0 henry aiui whose self-inductances are 1.2 and 2.0 henries? 


Given; 

Find: 

il/ = 1.0 

A’ - ? 

L, = 1.2 


Li = 2.0 



Solution: 


^f 

~ VTiL, 

1-0 

~ Vl .2 X 2.0 

V'lA 

1.0 

1.55 

= 0.045 


The coefripioiil of coiiplin^ tioponds upon the construction of the coils 
Mild iilso larp;cly uiion whether the coils are wound on an iron core or on 
Mil air core. The hij^hi‘st possible value is one and the h)W(\st is zero. 
'The power transformers desra iheil in Art. 7-!l often aehic've the lii^h value 
of 0.98, whir'll is considered exradlent. The eoeffieiruit of (M)U|)lin|»; for air- 
core transformers used in radio circuits is vruy low ami will vary con¬ 
siderably depending upon the design of tlie coils ami thr' frruiurmcy of the 
circuits in which thr‘y are used. In radio circuits, a low valur* of criefficient 
of coupling is often desired as it aids sharpness of tuning. 

CalcAilatiori of VoKayr ftiducrrl in thv Svrondanj. Thi‘ voltage inrluruMl 
in the second circuit by a change of current in tin* lirst may b(‘. expressed 
l)y the following et|uation: 


^/v 0 

i X l0» 


(8-14) 


where = voltage induced in second circuit 
A 2 = turns on coil in the second circuit 
K = coefficient of crjupling 
0 = flux set up by current in first circuit 

t = time in seconds for current in first circuit to change from 
maximum value to zero, or vice versa 


Example 8-ld. Two coils, the first having 200 turns and the second 3.50 turns, 
arL^ phired so that only 40 per cent of the liiiRS set up liy roil 1 link r-oil 2. If (KK),(XK) 
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lineH urn Hot up when throe umporos flow through ooil 1, what voltage will be induced 
in Coil 2 if the current decreaaea from three amperes to zero in 0.10 second? 

Given; Find: 

N-i = 350 62 = ? 

K = 0.40 
</. = 6 ( K ),000 
t = 0.10 

Solution: 

N2E 

“ iX 10“ 

350 X 0.40 X 1)00,000 
0.10 X 10" 

= S.40 volts 

Diiriii^r out* of tli(‘ il(‘volojminrit of riulio, it was common prui’ticc 

t f) tum^ M niilio rciadvcr by mi'uns of a v'liriahlc induct di'. One such device, 
shown in Fi^. 8-0, had its inductance varied hy chaiif^ing the number of 



turns us(mI liy means of the sliding; contactor. Another device, called the 
vnriorouplrr or varwmrfvr, shown in lug’. 8-l()c, varied its inductance by 
changing the position of one coil wdtii respect to another, which, in effect, 
was leally varying the coefficient of coupling. 

8-6. Series and Parallel Inductances. BaMc Snirs and Parallel Con- 
neclioiu^. Oinaiits often contain severLil inductances connected in series 
01 ' in parallel. When tlu’ sf'parate inductnrs are locateil far enough apart 
so that there is no coupling between them, the iinluctsinces may be added 
in the same manner in which resistances are adiled. The inductance of a 
ciri'uit containing several inductors connected in series and far enough 
apart so that no couiding exists l)etwTen them will be 

Ijt = Pi ~h P 2 “b P'h f*tc. (8-15) 

The iiuluctance of a circuit containing several inductors connected in 
t)arallel but far enough apart so that no coupling exists between them will 
be 
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Jjtr = 


i + 1 

L, ^ L 


+ f-, etc. 

iva /v3 


(8-16) 


o/ Inductance on Scries-connectcd Inductors. When two coils 
are located close enough to each other so that there will be coupling be- 



Coils aiding 




Ficj. 8-10.—Two roupled iiiductur.s friiinerted in Horic.^). 

t ween them, the total inductance of the two coils when connected in series 
must be found in a different manner. The value of the total inductance 
will depend on how the coils are connected, tliat is, whether they are aiding 
or opposing and also upon their mutual inductance and coupling. Figure 
8-10 shows three conditions that may exist. In Fig. 8-1 On, two coils are 
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connected in series so that their magnetic fields aid each other; the in¬ 
ductance of the circuit A\'ill tlieii be 

L = Lv + Li -h 2K (8-17) 

where L = indu(*tance of th(‘ circuit 

Iji ~ intluctarua^ of tin? first coil 
Li = inductance of tfie second coil 
K = t:o[dficient of ranipling 

In rijj;. 8-10^, llu* two laiils arr* coniua-.ted in s('rii‘S so that tlieir ma^;- 
netic (i(;lds r)pi)ose t‘ach otlier; the inductance of the circuil will then be 

L = Li + L-, - 2K VlnLi ( 8 - 18 ) 

In I'i^. S-lOr, tlu‘ s(‘cond coil is r-oiisidered as beint>; Tnounted on a shaft 
st) that, it inay lie rolaltMl. if it i‘an be rotated ttirou^>;h 180 decrees, it 
may be charimMl from aiding;’ tr> opposing; or it may also l)e stopped at any 
point in laMween. 'V\w iniluctanc(‘ of the circuit would be 

Ij = Jji d” Ij'i Az 2/\ “s/Ij\lj<i (S-l[)) 

If two similar coils are us(m 1 for Fi^. 8-H)c and perfcf't, couplin'^; could be 
achit'V(Ml, th(‘ inductance could l)e varied between zr/ro Jind 4 />i. This is 
true b(‘('ause when the co(‘Hicient of couplin^j; isunity tlu^ value of a/ I.iLi is 
(‘(jiud to Ijy (oi' L> since they are r‘fpial). WIkmi the two coils are aidiii)^, 

T = />, + L, 4- 2K VLiU = 4/n (8-20) 

and wlu'ii th(‘ two coils are opposing;, 

/.=- /., + L-, - 2I< VLiU = 0 ( 8 - 21 ) 

When the I’oils are at a. !)0-dep;ree aii^le, the value of is zero anti 

L = />i T /.n =b 0 = 2/vi. ddiis is the basis of the variometer and variu- 
coiipler shown in lufj;. S-lOr. 

Esanifjlc S I I. Twd i-niLs, rarh witli an iiulurlaiirp of four hpiirics, are arranged 
HO I hat they may lu* coniHM-ted in ,si*rieH in (he various ways shown in Fijj;. 8-10. Wliat 
is I tie inilurl ance of ttie eireuit wlien I lie two roils are rniinerteil in serii's so tliat they 
ari‘ (ir) aiding and the rouplinj; is 1(K) per reiU ? {h) OiiiKisiiif; and the roupling is 

UK) per rruit ? (r) In a position Dial piodiires zero roujiliny;? (d) Aiding; and the 

eoupliiij^ is 50 per rent? 

Given; Find: 

(a) /j = ? 

{b) L = ? 

(c) L = ? 
id) L=? 


Lv = 4 
Lo = 4 
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Soluti on: 

(®) E = h\ hi 2K y/hiLz 

= 4 + 4+ (2 XIX 
=4+4+8 
= 16 henries 

(f>) L = h\ + Z/2 — 2A \/Z/i/j2 

=4+4-8 
= 0 

(c) = Li + Lz ± 2K ■\/LiIj2 

=4+4±2X0X4 
= 8 henries 

(^) E = hi + El + 2K '\/hiij‘i 

= 4 + 4 + 2 X 0.5 X 4 
= 12 henries 

B-7. Low-frequency Inductance Coils. Powvr-s^wpply Applicaihom. In- 
(liu’tiiiice coils used in filter (‘ircuits of power supi)lii‘s iiiiil in ji-f circuits 
Mr(' g(‘nernlly clnssrHl as Uyw-Jrvqwvtiry cai/.s. These coils must have a high 
inductanr'c in oriler to get ii liigli valvu* of imj)tMlancf‘ at the freiiuenides 
lor which they are used. As the impedance is practically etiual to tln^ in- 
tluctive reactance (see J^Lxamples 8-(i and 8-8), it. may be seen by Kq. (H-h), 
A L = ^tt/L, that at low fretpHuicies tlie iiiduclance L must be liigh in 
ord(‘r to attain tlie tlesiia'd high values of imp(‘dance. In ordta’ t[) get 
high values ol iiifluct ance, the coils hava; a large numl)er of turns and are 
wound on iron cores. 

Ch)ils in ijowra-supply tilter circuits have a pulsating current flowring 
tlirough tliem, and the pulsations are usually in the order of 00 or 120 
pulsations per st'cond. Tln\se coils are generally laderred to as chohvs. 
It is not uncommon to have 20- or ^O-lnuiry chokes, and values as high as 
100 henries are known to b(‘ used. It is common practice to use the field 
coil of the radio set’s loudspeaker as a lilt ru- choke, in many radio receivers. 
T.ow-frequency fiber cliokes are showm in Fig. 8-11. 

*1-/ Ciraiil Applicaiwns. In a-f circuits, inductance coils are used as 
a coupling device in ordei* to tiansfer energy from one stage to another. 
Applications of coils in sucli circuits are as folhnvs: (1) transformers used 
io transfer energy fifiin one circuit, to ambher, (2j parallel feed supply of 
the B voltage to the plate of a tube, (3) impedance coupling, (4) a-f filt,er 
circuits. 

Transformers are used in a-f circuits as coupling devices and operate 
at frequencies of about lOO to 5000 cycles. These transformers have a 
primary and secondary wound on a laminated iron or steel core. The 
secondary usually has a greater number of turns than tlie primary, and 
ratios of 2 to 1 or 4 to 1 are commonly used. This ratio aids in stepping up 
the voltage of the a-f signal whose energy it is to transfer. The increase 
in voltage obtained from the a-f tran.sformer is not wholly dependent upon 
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the ratio of the turns, but rather it is afiFeeterl to a ^»;reat extent by the 
ratio of the impcdanee of the transformer’s primary winding to the imped¬ 
ance of the tuy)e to which it is connected. In general, however, the pri¬ 
mary of the transformer should have a high impedance to match the high 
impedance of the tube. To attain the high impedance, the primary Avind- 



Fin. S-11.—Lnw-frnriviRnny filter chokoa. {Thordaraon Electric Manufaclvrino Diviaion, 
Maguire Tnduatriea, Inc.) 

ing has many thousand turns of small Avire, AAdiich results in a high value of 
rt‘sistance and inductance. The resistance is of the order of 2000 to 5000 
ohms, and its inductance is aboiiti 100 henries. The inducti\"e reactance 
Avill vary directly Avith the frequency as seen from the equation Xl = 
27r/y>; at 50 cycles the inductive reactance of the lOO-henry Avinding will 
be 0.28 X 50 X 100, or 31,400 ohms; and at 500 cycles it Avill be 0.28 X 
5(K) X 100, or 314,000 ohms. The core of the transformer is usually made 
of a higher grade steel than is used in filter chokes because it operates on 
much higher frequencies. These higher grades of steel such as silicon steel 
and scA'cral kinds of alloys haAH? very Ioav losses, thereby making it possible 
to operate at the liigher frequencies. 

Other Aj)plkati{ms. Another example of coupling is the output trans¬ 
former that is used to couple the output circuit of a receiA^er to the voice 
coil of a dynamic speaker. This transformer must haA e a high-imped- 
aiiia' primary to match the impedance of the tube and a low-impedance 
secondary t o match the imi>edance of the voice coil of the dynamic speaker. 
Primary impedances range from 2000 to 20,000 ohms, Avhile the secondary 
impedances range from 2 to 30 ohms. 

LoAV-frequency coils are also used in parallel-feed B supply circuits to 
keep the direct current out of the devices in the output circuit of the tube. 
These devices may be either the primary winding of a transformer or the 
audible device. 
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When an a-f eoil is used in conjunction with a high resistance and a 
capacitor to couple one a-f stage with another, the cireuit is called an 
xinpedancv-vou'plvd circuit. Such circuits are useil with a-f amplitiers. 

Audio-frequency coils are also used in some types of amplilier circuits 
to keep out or to filter certain parts of the current from the amplilier 


■ O '.. 



('d 

liK. R-12.—Low-frc[iui‘iii“V iiirlurtaiict* foils (o) a-f transfoniipis, ff)) nutpui trailnforniiirH. 
[Thordarson EJvdric ^lanufaituTing Diixaion, Maguxrt Jndutitn(a, Jnt ) 

to improve its operation. These coils have high inrluctance, generally in 
the order of 100 henries. They olTer a high impedance to the a-f cunents 
and a low’ resistance to the direct current, thereby choking off the a-f cur¬ 
rents and causing them to take another path hut permitting the direct 
current to flow’ freely. 

8-B. High-frequency Inductance Coils. R-f Choke (^oils. Choke coils 
used in r-f circuits and transformers used in r-f and i-f circuits operate at 
frequencies above 100 kilocycles and are classed as high-frequency coih. 
llecause the magnetic effects of high-frequency currents are difficult to 
predict and to control, various designs of coils have been developed. 
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Choke coils are user! in r-f circuits to provide a high impedance to the 
r-f currents and a low irnpetlance to direct current. To accomplish this, 
the r-f (diokes shouUl have a high inductive reactance and a low resistance, 
liecause they operate on high frerpiencies, a high inductive reactance can 
he obtained with a relativelj'^ h)W inductance as comparefl with low-fre- 
(juency coils. For example, an 80-milliheriry idioki* operated at 500 kilo- 
cyt'les has an inductive^ reactance of (X/. - 27r/L) 2 X 3.14 X 500 X 10=* X 
80 X 10“‘\ or 251,200 ohms. Standard r-f chokes are available at ratings 
from 2.5 tji 125 millihenries and have low v^alues of resistance comparial 
with thrar impedance, the resistance varying from a))out 20 to 250 ohms 
depending upon their inilut-tance rating anti rlt'sigii. 

Many of the r-f coils used in f-m, tt‘l(‘vision, and high-frequency elec¬ 
tronic cirtaiits operate at frcfiuencies of 5 to 500 megacycles. Special 
single-lay(‘r ca)ils wound on ])lastic. cores or on steatite tul)es are used in 
theses circuits. These chokes have inductances ranging from 0.2 to KO 
microhenries. 

Mngmdu' Corr. Many of the r-f coils are wouiul on nonmagnetic cores 
and are referrinl to as ru>-rrrrc evils. Some' of tlu' ni'wer r-f coils are wound 
on a specially j)r(‘pared magnetic cj)r(‘ consisling of linely powdered iron 
partiedes held tog(*ther with a magnetic insulating binding substance. 
4'his s})(‘cial type (4 iron (‘or(* reduc(‘s the lossi's in tlu* iron, making it 
possible to work on higher frequemdes. Because of tlu* iron core, a high 
inductance can lx* obtained with a smaller niimbi*r of turns, result ing in a 
lowin* resistance, smaller coil, and a higher value of Q. This value of Q, 
wliich is t he ratio of the iiidui-tiv(* reactance to the rf'sistance of an iiuluctor, 
or is (‘xplaiiu'd in Cha[). XI. At. this time, it is suttiideiit to state 

that high values of Q are desirable and that the valu(*s of Q may be 100 or 
more. 

Adjustaide Mcufuetir (\)re. A jiowdered iron core arranged so that its 
liosilion may la* varieil is used in the manufacture of adjustable inductance 
coils. The inductance of the coil is adjusteil liy varying the amount of 
iron insi‘rteil in tin* coil. This is accomplished Ijv means of a screw-ilrivt‘r 
adjustment. When the adjusting screw is turned so that the core is all 
the way in the ci)il, maximum inductance is obtainetl; wlien the core is 
withdrawn from the coil, minimum inductance is obtained. This type of 
core is used in univers;d oscillator coils in order to adjust them to track 
at the proper fretpiency. It is also used in coils requiring a high Q factor, 
such as the i-f transformers used in frequency modulation and tele^ ision 
and the series and shunt pi'aking coils used in video circuits. 

Methods of Winding. Another feature of the r-f coils is the special 
way in which they are wound. IiLstead of just wimling the turns along¬ 
side of each other and the layers on top of one another, special winding 
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mpthods have l)een developed to reduee the distributed capacitanee (see 
Chap. IX) of the roil. These methods employ (among others) the uni¬ 
versal, honeyeomb, lattiee, spider-web, bank, figure-of-eight, and binoeii- 
lar types of windings. Several types of windings are shown in Fig. 8-Id; 
of these the universal and the honeycomb are the most commonly used. 

R-f Tramfornivrs. Uatlio-fretiuency transformers are used tt) couple 
one stage of a tuning circuit to the next stage. These transformers have 



Honeycomb 



CeJ-Boink 




I'li;. S-IS. Viirimis iiiialiDilh- nf wiiiiliiiK hiKli-friMiutMify r r)ils. 


tAvo Avindings, refcrrtal to as the prim.ary and si‘c,ondary wiiuling. Thi‘y 
are usually of tin* uiuATrsid tyi)e and may l)e wound on either an air core 
or tlie spi‘cial poAvdercd-iron tyj^e core. Often they are wr)Uiid Avith a 
special Avire called liiz wirr., and the Avindings art* given sptjcial treatment 
to help them Avithstand varying temperature and humidity. These trans¬ 
formers liave a low number of turns, and the primary is of a lower number 
than the secondary. The r-f transformers operate at tht^ freriuency range 
of th(* receiver in Avhich they are connected; thus, for a broadcast-band 
receiver, the minimum operating frecpiency range should be 5d0 to 1550 
kilocycles. The r-f transformers in an f-m receiver must cover a minimum 
range of 88 t o 108 megacycles, and the r-f coils in a television receiver must 
cover a range of 54 to 210 megacycles. Ileceivers used by amateur radio 
operators generally cover tAvo or more of the numerous bands allocated 
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to the amateurs. When a reeeiver. such as a television or multiband radio 
receiver, is to operate on several frequency ranges, separate r-f coils may 
V)e used for each channel or band. In some instances, a group of coils may 
be mounted in a single container or several separate coils of the plug-in 
type may be us(m1. 

I-f I'rarisffyrmrrs. Intermediate-frequency transformers are a form of 
r-f transformt'is that are designed for operation at a definite frequently. 
Standard values of intermediate fretpiency have been set up for each of 
the various types of service for which i-f transformers are used. For a-m 
broadcast reccMvers several values of intermediate frequency are in use, 
and stariflard transformers can be obtainerl for fretiuencies of 175, 2()2, .170, 
anil 451) kilocycles. Of these, the 175- and 45f)-kilocycle transformers are 
the most cornmonfy usial. In f-m receivers the i-f value most generally 
used is 10.7 megacycles, although higher and lower values have been 
useil. In many t(4evision n‘ceivers two or more i-f stages of slightly dif¬ 
ferent frequi'iicy values are used in order to obtain the necessary wide¬ 
band c,liaracti*i istics l)y the method referred t o as stagger tuning. The i-f 
values most giaierally us(‘d in television receivers is in the ordia* of 21 to 27 
megacycli\s, altliougli higher and lower values also hav(‘ been used. The 
i-f I raiisformers used in teli'vision receivers are made adjustable in onler 
to ol)tain the proper wide-bantl amplifier characteristics. For a-m short¬ 
wave and amateur receivers, i-f values of 1500 and 1000 kilocycles are 
commonly used. 

Kadio-fre(juency and i-f transformers are usually mounted in shielding 
conlainers, anil their over-all dimensions are approximately to 2 inches 
rouiul (or square) and 2 to 4 inches high. The leads are generally eacli 
of a dilTerent color to conform with the UMA (Hadio Manufacturers’ 
Association) color code (see Appendix IX). 44iis makes it possible 
lo connect the transformer easily and properly. Transformers must be 
seli'cted according to their frequency range, and their primaiy and second¬ 
ary impedances are usually chosen to match the parts of the radio circuit 
in whicli they are to be connected. Several types of r-f and i-f coils are 
shown in Fig. 8 14. 

Single winding r-f coils are used as chokes in the output of the detector 
circuit to separate the r-f currents from the a-f currents. These coils are 
small in size and are often mounted in metal shields. Even when mounted 
in shields, they seldom exceed 1 J inches in diameter and 1J inches in height. 
Several types of r-f choke coils are shown in Fig. 8-15. 

8-9. Shielding. High-frequency circuits, such as the i-f and r-f cir¬ 
cuits using the transformers just described, often liave undesired coupling 
between adjacent circuits due to their magnetic fields. To prevent this 
undesired magnetic coupling, a metal shield, usually of aluminum or brass, 
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is placed about the coil. When a magnetic field passes through such a 
shield, an emf is induced in it, and as the shield acts as a closed circuit a 
current will flow in the shield. This current will set up its own mag¬ 
netic field which, according to Lenz’s law, will oppose the original magnetic 
field and tend to keep it from spreading beyond the shield. 

Shields should be carefully designed as to size because the currents set 
up in them act as a loss that must be subtracteil from the power in the coil 
circuit. This result has a tendency to increase the resistance and also to 



In. S-1 1 f'fiiiiim'rual i-f anil i-f tails (Ufi.nsmr Mannfaituring Diiiawn, Maguire 
liuhistf i< a, Int ) 

reduce the inductance Both of these effects result in a lower Q and hence 
reduce the eflecti\ eness of the cod. The shield sliouhl be of a heavy mate¬ 
rial that IS a good conductor, such as copper, brass, or aluminum, and 
should be large enough so that it is not too close to the coil. Copper 
shields are seldom used because of the corroding effect that air has on th(‘ 
copper. Aluminum is used extensively because of its greater mechanical 
strength, lower cost, and good conductivity. 

8-10. Resistance of Coils. D-c RpsistaTLCr. The resistance of coils 
that operate on d-c low-frequency power circuits and audio-frequencies 
is generally taken to be that amount which may be calculated by Ohm’s 
law from voltage and current readings obtained when direct current is 
made to flow through the coil. This resistance is often referred to as the 
f/-c resistance of the coil. 

When coils such as r-f chokes and transformers are used in high-fre- 
tjuency circuits, the resistance to the high-frequency currents is much 
greater than the d-c resistance of the coils. There are several reasons for 
this increased resistance to the higher frequency currents. 
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Fk; S-15.—(..'niiiiii[‘rt;ial r-f i-hokL's. {Hamtnarliiii(I Manufarturiny Company, Inc.) 


Skin. Effvvi. Skin ('(Tt'ct, wliicli is ono Ciivisi' for this iiifroasod rpsist- 
iinco, is cxi^kiinod in llu* following injiniuT. Any flow of PiinTiit throii^ih 
n condiii'tor is i*onsitJt*r(Ml as a flow of electrons. Wlion thn natun^ of tlu‘ 

(‘ledroil flow is a din'ct (“iineiit, 11i(‘ dor- 
irons will V)(^ rvrnly dislril)iitrd throiiKhout 
till’ riitiri’ rross-sr(“l ional area of Ihr roii- 
durtiir, as shown in I^ijs!;. 8-1 Ga. However, 
when the naliiri' of the eh’rtron floAv is a 
hij^h-freiini’nry rnrrent, the elertrons will be 
eonreiit rated near the surf are of the wire 
and t he ri’iiter of t lie ri oss-sertional area will 
carry inartirally no electrons, as shown in 
Fif^. S-lGf>. This reduces the effective area 
of the conductor, and in accordance with 
Kq. (4-2), R = /vL/A, any reduction in the 
area Avill increase the resistance. The elec¬ 
trons of high-freciuency currents move near 
the surface of the conductor because at high fretiuencies the magiu’tic lines 
(see Fig. 5-31) expand and contract so rapidly that they cause sufficient 
induced voltage in the conductor itself to repel and (according to Lenz’s 
law) to push the electrons from the center of the conductor to the outer area. 



S-l(i. - Dislriluiliiin nf plpp- 
trniis nviT ihc* nrc’H of :i rDiuiui inr 
rJiirviiiiE a piUTPiit: (a) r*U‘f'irfin.'* 
(lisInlmhMl hvit (hp nitirn i\voi\ 
willi R fliiw nf iliri'rl tMirmiU nr 
li)W-fiiMiu[Mic>' riirriMit. 

(10 t*lpf*trc>ii5 i’niif'L‘n1r:itt>d lUMir 
I hi' fiurfjipc with hifth-frL'qiu'nt'y 
ruiTPiits. 
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Eddy Curreiits. The varying eonccntric magnetic fields shown in Fig. 
5-31 also induce voltages at many points along the conductor itself, and 
these voltages, even though they are small, set up additional currents in 
the conductor. These currents, known as eddy currents, flow back and 
forth in small areas of the conductor and therefore do no useful work but 
instead are actually a loss in the conductor. The eddy currents cause addi¬ 
tional heating of the conductor, and, as they are a loss, they have the same 
efTect as an increased resistance. 

Coynhincd High-frequency Resistance. At high-frequency, it is com¬ 
mon practice to combine all the resistance effects, that is, the d-c or ohmic 
lesistance, the skin (dfect, and the eddy-current effecl into a single value 
called the a-c. resistanre of the coil. This a-c resistance of a coil increases 
as the frequency at which the coil is operated is incj'Ciised. The skin effect 
anti hence the a-c resistaiict' increase at a gieater rate for large conductors 
than for small ones. To reduct* the value of the a-c resistance, a special 
type of conductt)r called Utz ivire is matle 
by weaving a large numljer of small in¬ 
sulated wirt*s to form the eoiitluc.tor. As 
the individual wires are insulated, tht‘y 
at!t as separat e ct)nductf)rs anti will result 
in a fairly uniform distribution of currtuit 
at. broadcast and evtui at short-wave fre- 
fiuencies, but they are not highly effec¬ 
tive for ultrahigh frequencies. Another 
method usetl tf) reduce the value of the a-c 
resistance is to use hollow conductors or 
thin, flat strip conductors as shown in 

Fig. 8-17. The litz wire is used mostly for receivers, while the hollow 
conductor is usetl mostly ft)r transmitbas. 

B-11. Measuring Inductance. Alethods of Measuring Inductance. The 
method of calculating the inductance frtmi the physical characteristics of 



Ji'irj, 8-17.—noiulurtors used for high- 
/rLMiuiMicy (;urriiiits: (a) hollow foiiJutj- 
tor, (l>) fliii-.strip r.ondmilor. 


a coil was described in Art. 8-2. It is often desired to determine the in- 
tluctance of a coil, but some factor required for calcidating the inductance 
may not be readily obtained. In such cas(‘s it beetnnes necessary to meas¬ 
ure the inductance of the coil. There are two methods available for meas¬ 
uring the inductance of a coil, the comparison and the impedance methods. 

Comparison Method. The comparison method involves the use of a 
standard inductor and some form of a bridge circuit. The circuits in¬ 
volved and the theoiy of such bridge circuits were described in Art. fi-18. 
A more detailed discussion may be obtained from the references at the 
end of this chapter. There are a number of commercial bridges available 
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for measuring inductance. Use of such a bridge is not difficult, and quite 
accurate results may be obtained. 

Impedance Method. The impedance method involves the taking of 
voltmeter, ammeter, frequency, and wattmeter readings of the coil when 
connected to an a-c power source. The inductance may then be cal¬ 
culated by use of Eqs. (8-9), (2-14), (8-8), (8-6), as illustrated in the follow¬ 
ing example. 

Example 8-15. It is desired to determine the induntanee of a coil by the im¬ 
pedance method. The coil is eonneeted to the circuit as sliowii in Fi^. 8-lS, and the 



following meter readings are obtained: voltmeter, 250 volts; ammeter, 0.100 ampere; 
wattmeter, 0.50 watt; frequency, fiO cyele.s. («) What is the inductance of the coil? 
(()) What is the Q of tlie coil? 


Solution: 

(tt) 


Given; 

E = 250 
I = 0.100 
W = 0.500 
/ = 60 


Find: 

L = ? 
Q = ? 



2.50 

0.100 


= 2500 olims 


0.500 
0.100 X 0.100 


= 50 ohms 


AT = - = V2500* - 502 = v^6,250,000 - 2500 

= \/6,247,500 = 2499 ohms 


(b) 


AT ^ _ 

27r/ “ 2 X 3.14 X 60 
Aj. _ 24^9 
it “ 50 


= 6.63 henries 


= 50 (approx) 


If a wattmeter is not available, the resistance may be determined by 
connecting the coil to a d-c power supply and taking voltmeter and am¬ 
meter readings. The resistance may then be calculated by Ohm’s law, 
R = E/I. If the coil is then connected to an a-c power supply of known 
frequency and voltmeter and ammeter readings are taken, the inductance 
may be found in the manner indicated in Example 8-15. Examining the 
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results of Example 8-15, it may be seen that, when R is small compared 
with Z, then is practically equal to Z. Under this condition, R may be 
neglected, and yet it will not produce any appreciable error in the value 
of Xl and L. Further examination of the results of Example 8-15 shows 
that the Q of the coil is approximately 50. As the value of Q for coils 
ranges from 30 to several hundred and since with such values of Q the re¬ 
sistance is low compared with the inductive reactance, it is permissible 
to neglect the resistance entirely in the equation Xl = \/Z-^ — and Xl 
is then considered equal to Z. On this basis, the inductance may be found 
by taking a voltmeter and ammeter reading with the coil connected to 
an a-c power supply t)f known frequency. 


Ejamph. 8-16. What is the iniluciaiice of a high-Q coil that draws five milliam- 
jjcres when coiiiinr'tod it) a 25-volt, 1000-cyclc power supply? 

Given: Find: 

£ = 25 L = ? 

/ = 0.005 
/ = 1000 

Solution: 

E 25 

Z = — = - — = 5000 ohms 
I 0.005 

Xl = Z = 5000 ohms (approximately) 


L = 


Xl _ 5000 _ 

27r7 “ 2 X 3.14 X 1000 
= 0.796 henry 


L = 


( 8 - 22 ) 


The three steps used in the solution of Example 8-16 can be combined 
into a single equation 

E 

2irfl 

ExanipU 8-17. What is the inductanre of a high-Q coil that draws five milliam- 
peres when connected to a 25-volt, 1000-cyclc power supply? 

Given: Find; 

E =25 L = ? 

I = 0.005 
/ = 1000 


Soluti on: 


L = 


E 

2wfl 


25 


2 X 3.14 X 1000 X 0.005 
= 0.796 henry 

In the measurement of inductance of low-frequency coils wound on iron 
cores, it is recommended that the amount of current used for this meas- 
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urement be about the same as the rated current of the coil. If the coil 
has a direct current flowing in addition to the a-f currents under its normal 
operating conditions, then a similar current should be applied when taking 
measurements to be used for determining its inductance. Measuring the 

inductance ^^’ithout its proper d-c component 
may result in errors as great as several hundred 
per cent. 

The inductance of high-frequency coils, be¬ 
tween 1 and 100 millihenries, may be measured 
at ordinary power frequencies, but a special low- 
eurrent-drain voltmeter such as a vacuum-tube 
voltmeter should be used. Inductances below 
one millihenry should be measured with high- 
frecxuency currents a])plierl, and care should 
be exercised that suilable high-frequency ther¬ 
mocouple-type meters are used. 

8-12. Noninductive Windings, ddie effect 
of induclance is useful in radio, television, 
and electronic circuits, as is indicated l)y the 
preceding description of the vari()us choke coils 
and transformers; this will be further explained in the chapter on K(‘so- 
nance. There arc cases, however, in which as little imluctance effect as 
possible is desired. 

When it is desired tliat a coil of wire have the lo^vest possible amount 


c 

(a) 



Fin. 8-1!).—Nnnin [liiiaivpwiiitl- 
ing: (a) a Irjrip of wiro, (^) 
ft iioniiuluRtivnly wuuiul i-Dil. 



'"Current 


(aJ 


/ Current 


'Current' 

Fin. S-20.- -Noninfliintivp wiring: (n) wires twi.slpit to reduce the indiirtanrp, wires planed 

parmllel to one anotlier to reduec the indiirtaiiee. 

of inductance, the coil is wound so that each turn of wire with a current 
flowing in one direction has its inductive effect neutralized by a turn with 
its current flowing in the opposite direction. The coil is then said to he 
nonindii-ciivrly wound . 

If a coil requires only a few turns, it may be noninductively wound 
by first looping the wire as sho^^m in Fig. 8-19a and then winding the loop 


(b) 
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around the core. The completed coil will be as shown in Fig. 8-19b. 
When the coil requires a large number of turns, it is diftieult to loop the 
wire first. In this case, the coil is usually wound in two sections, each hav¬ 
ing two leads. When completed, the two winding sections are connected 
ill series in such a manner that the currents in each setd ion set up magnetic 
fields of opposite directions which will neutralize one another. 



The wires used to connect various parts of a receiver sometimes cause 
unwanted inductance. This is usually true of filament or lieater circuits 
in a-c oiierated sets, especially if the wires art? spaced a small distance 
apart and are paralhd to one another. The inductive effect may be re- 
iluced to a negligible amount by twisting the wires, as shown in I'ig. 8-20fl, 
or even by running the wires parallel to each other but right alongside of 
one another, as shown in Fig. 8-20fi. 

8-13. Use of Inductors in Radio, Television, and Electronic Circuits. 

Nadio Circuits. In the preceding articles, the theory, constructio^, and 
uses of the various types of inductor-s have been discussed in detail. Fig¬ 
ure 8-21 is a circuit diagram of a typical superheterodyne receiver. The 
various inductors u.sed in this circuit are .shown in the heavy broken-line 
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boxes. The following table indicates the coil numbers and their appli¬ 
cation in the circuit: 


Coil Number Description 

1 . R-f transformer 

2 . . . R-f transformer 

3 . . I-f transformer 

4 . I-f transformer 

5 . Power transformer 

6 . . Filter-circuit choke 

7 . Filter-circuit choke 

8 . Oscillator-circuit coil 

9 . . A-f transformer 

10 . . Output transformer 

11 . Voice coil of loudspeaker 


The inductors used in the circuit of Fig. 8-21 are represented by their 
symbolic representations as is common practice in preparing such dia¬ 
grams. To associate the symbols with the actual parts, refer to Fig. 0-34, 
which is a photograph of a receiver showing some of the coils in the form 
in which they actually appear. Figure 9-34 is not for the same receiver 
as Fig. 8-21 and hence has a different number of coils. Two high-fre¬ 
quency transformers are shown, but as they are shielded the actual coils 
cannot be seen. An output transformer is mounted behind the speaker 
and between the two i-f transformers. 

l^elevision Circuits. A television receiver, in addition to reproducing 
a video signal, is also recpiired to reproduce an audio signal. Therefore, 
practically all the various types of imluctors usually found in a radio 
receiver are also present in television receivers. In general, the construc¬ 
tion of these components are the same as those found in l)roadcast radio 
receivers except that they are ilesigned to operate at the frequencies used 
for television rc^ceivers. The power transformer is much larger since it 
must provide the plate and filament currents for 20 or more tubes. These 
currents may be as high as 500 milliamperes for the plate supply and 20 
amperes for the filament supply. The relatively high-filament current 
introduces several new problems among Avhich are the following: (1) a 
larger size of wire must be used in the filament circuits in order to prevent 
overheating and excessive voltage dropsj (2) care must be exercised in the 
arrangement of the wiring in order to minimize the hum picked up in the 
amplifier circuits because of the strong magnetic field about the filament 
wiring. Low-filament circuit currents are obtained in many television 
receivers by using a transformer with two or more secondaries for supply¬ 
ing the filament current. 

The video circuit of a television receiver also uses a number of inductors 
among which are: (1) a magnetic deflection coil for deflecting the electron 
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beam (either vertically or horizontally) in the cathode-ray tube; (2) a 
focusing coil for focusing the electron beam on the fluorescent screen of the 
cathode-ray tube; (3) a variable reactor with a powdered-iron core for 
adjusting the width of the picture; (I) filament chokes for eliminating un- 
desiralde r-f currents from the filament circuits; (5) a video shunt-peaking 
coil; (0) a video series peaking coil; (7) a vertical output transformer for 
coupling the vertical output to the deflection coil; (S) a veitical blocking- 
oscillatoi" transformi'r (which also prodiices a (iO-cycle pulse); (0) a liori 
zontal synchronizing-discriminator transformer for supplying the syn¬ 
chronizing voltage for the horizontal oscillaloi’; (10) a horizontal output 
(lansfoimer for driving Ihi' didlection coil (wliich is also sometimes 
used for supplying the liigli voltage for the calhode-ray tube). 

Klrvinynic CircuilH. In iiiflustiial elecironif* eiiuipinent a number t)f 
different fypr's of inductors are used. Many of tliesi^ inductors are similar 
tf) those ustal in radio and lelevisioii (‘xci‘j)t for their currfuit and voltage 
ratings anti tin* frerpnaicy at which tliey are designed to operate. In 
addition to tln‘ inductors that are common to radio and t('h‘vision circuits, 
various types of control and timing circuits us(‘ s])ecial inductors and relays 
that are designed for a i)a,rti(‘ulai* pur|)ose. 
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QUESTIONS 

1. Define imluetanee. 

2. Why is a kiiowlndge of imluetaiice imjiorlaiil. in thr* Ht udy of [a) radio? ())) 
Television? 

3. (a) What i.s meant hy indiiefd ernf? (^) How is it produe.tjd? 

4. explain the relation between the; induced enif ami the iinjire.yHed voltage 
during tlie tiirn* I hat the nni^netic field is ex|)anfling. 

6. Explain the relation between the indui-ed emf and the irnjjre.s.sed voltage dur¬ 
ing the time that the inannetir; field ia rnllajj.sing. 

6. State Lenz’s law. 

7. Why is inductance always pre.sent in a-c circuits? 
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B. DcfiriR Hm* basic unit of inrJuctancc. 

9. What is a inillihcmry? Microlifiiryi-* 

10. Dcliric the followinp; icrins; fa) Hclf-influctaiicp, (^)) iiuluctor, (r) solenoid. 

11. What are the facl ors that tlcl criniiK* the inductaiicc of a t oil? 

12. Dcscribo in) niultilayiT roil, {f)) jjancakr* coil. 

13. (a) What is ninarit by inducliVC I caclancn? (h) In w hat unit is il expressed? 
(r) What is its syndiol? 

14. What twf) factors afTecI Ihc anioiint of iniluclivc reaelance of a ['ireuit? 

IB. {n) Wiiat is inoani by the iinjjeilaiice of a coil? {ft) What is the unit of iiu- 

|)edaneR? (r) What is its symbol? 

16. fa) lbi(J[ 3 r what eonrlition inav the re.sistaiicn of an imluftijr he ignnreil? 
(b) Why? 

17. Kxplain Ikju imliictaiiee causes a ilrday or laK in current flow. 

IB. How is the amount of deday or hi^ usually e.xpressral ? 

19. Wliat are tlie factors atTcetinn tin* amount of la^^ in eurrent flow? 

20. Ivxplain I tie followinn terms: fa) muliial imiuctafiie, ih) primary wiiiiliiip;, 
fr) Becf)nilary ^vinllin^, 

21. What is mivarit b>- tJie eoeHicierit of coii|)liiiK? 

22. Ivxplain whsit is meant by coils coiitieeted in series; fa) aiding, (h) op))osinK. 

23. nt*seribe the prineijile of the variomeler and the varioeoujder, 

24. (a) What is meant by low freriueney iiiiliii'tani*e coils? (b) Where are they 
(generally used in radio circuits? 

26. Is ttie inductjinee of a bnv frerjiiencv coil )iiy:li or low? Why? 

26. (a) Describe the eonsf ruetioii of a-f transformers. (f>) Why must the im 
peibinee of (he jirimarv be hijjh in value? 

27. What relative impeilanee values are reijuircil for (he primary and seeondarv 
of an Old put transfonni'r? Why? 

26. Describe how a f coils are used in filter circuits. 

29. fa) Wliiit is ineaiil. I»y liiKh-frequenev iniluctanee coils? (^) Where are tliey 
(r;enerally iiseil in radio l■ircuils? 

30. (ri) Wtiiit is tlie purjiDse of r f clioUe coils? ih] How do the>’ dilTer in i on- 
struidJon from a-f idioke coils? 

31. What are (he advantages of usinn powdered iron-core r-f coils in place of 
nir-rore r-f coils? 

32. What is meaid liy an i-f transformer? 

33. Wliat freriuencics are used fur the i-f transformi'is in (a) a in lirnadcasi 
niilin receivers? ifO A-m short-wave receivers? (r) F in receivers? (r/) Tele¬ 
vision receivers? 

34. What are the various tyiies of construction used to reduce the elTects of dis- 
trifniteil capacitance in r-f coils? 

36. What is the purpose of r f transformers? 

36. How are the values of frequency and impedance used to determine the r-f 
transformer to be used? 

37. Why must r-f and i-f roils lie shielded? 

3fl. Ivxplain the principle of shieldirq;. 

39. What is meant by (a) skin effect? (f») Fddy-current elTcct? 

40. What methods of const ruction are used to reduce skin effect and eddy-current 
effects? 

41. What metliods are used to deteriuine the inductance of a coil? 
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42. (a) Describe two impedance methods of determining the inductance of a 
coil. (^>) What are the advantages of each method? 

43. What precautions should be observed in measuring the inductance of low- 
frequency coils? 

44. What precautions should be observed in measuring the inductance of high- 
frequency coils? 

4B. Hdw^ arc coils wound when it is desired to reduce their inductance to prac¬ 
tically zero? 

46. How are undesirable inductive effects reduced in the general wiring of a 
radio receiver? 

47. What types of inductors are used in television receivers that are also used in 
radio receivers? 

43. TIovv d □es the construction of a power transformer designed for use in a 
radio nnieiver differ from one designed for use in a television receiver? 

49. Why is it desiralde for a power transformer used in a television reindver to 
have more tlnin one seconilary winding for the filament HU|q)ly? 

50. What is the purpose of («) the deflecfion coil? ff*) The focusijig coil? 

51. What is the purpose of (a) the vertical output transformer? (f>) The ver¬ 
tical blocking-oscillator transformer? 

52. What is the i)uri)ose of (ri) tlie liori/.oiital aynehronizing-discriminator 
transformer? (6) The horizontal out[mt transformer? 

PROBLEMS 

1. A flux of 2,(X)0,000 lines links a coil having 250 turns. The flux in the coil 
decreases from maximum vjilue to zero in 0.125 sec. What is the value of the in¬ 
duced voltage? 

2. Hoav many turns must a loil have if its induced vollage is t o be 125 volts whcTi 
a flux of 500,(100 lines changes from maximum value to zero in O.OOd sec.? 

3. A flux of 10 lira's liid<s a coil having 50 turns. The flux in the coil varies in 
accordance with an allernatiiig current having a frequency of 4li5 kv.. Wliat is tin; 
value of the induced vriltage? (Ndti:; The flux varies from zer o to mriximum and 
vice versa, in one iiuarter of a cyrde.) 

4. What is the maximum value of the flux in a coil having 75 turns if it induces 
a voltage of 12 voltsjj The flux varies in accordance with an alternating current 
having a frequency of 175 kc. 

5. What is the inductance of a tuning coil that has 250 turns wound on r;ardboard 
tubing 4 cm in diameter and 20 cm long? [Use hap (8-2).| 

6. How^ many turns are necessary to obtain an inrluelani;e of 250 a/Ii if a coil is 
to be wound on fiber tubing 3 cm in diameter and its length is to be 24 cm? 

7. What would the inductance of thi* coil in Prob. ti be if it wi're wound on an 
iron core whose permeability was 3000? 

8. What would the inductance of the coil in Prub. 5 be if the number of turns 
were increased to 750? 

9. What would the inductance of the coil in Prob. 7 be if the number of turns 
were doubled? 

10. A transformer has 150 turns on its prim.ary winding anrl S75 turns on its 

secondary. The length of the core is 30 cm, its cross-sectional area is 8 sq. cm, and 
the permeability is 35(K). (a) What is the inductance of the primary winding? ((;) 

What is the inductance of the secoiidarj' winding? 
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11. What iH thfi inductance rjf a multilayer cnil of 750 turns if its dimensions 

(Fi(a;. 8-5«j are a = H ) = I » c = 1 in.? 

12. Wliat is the inductance of a multilayer coil of ]5(KJ turns if its dimensions 
8-5fjj an; u = 1^ in,, 5 = IJ in., c = 1 in.? 

13. What is the inductanct; of a flat coil (I' ii;. S-5h) havinjj^ 200 turns if its Jimen- 
sioMH are r/ = 2 in., r- = in.? 

14. Wtiat is the inductance of a flat coil (I'iK- S-55) having KX) turns if its dimen¬ 
sions are a = li| in., r = 1 in.? 

IB. What is the iniluclaiice of a solenoid (I'i^. 8-5r) having tiOO turns if its dimen¬ 
sions are a = H in., ^ = 5 in.? 

16. What is the induc(ant‘e of a sohuioid (l it:;. 8 or) having 1200 turii.s if its 
dimensions are a ~ 2 in., h = 8 in ? 

17. What i.s the inductive l•(;ac,taln■e of o .'iO-iienry choke coil at (a) 00 cycdes? 
(0) 120 cyrdes? 

IB. Whal is tli[“ imluiOivf' ri*aclancc of a 5 henry tdiokc' coil at fo,) 50 cvch's? 
(h) .5(KJ cyrdes? (c) 1000 I'vides? (r/i 5IKK) cycles? 

19. What is I hi' iiidui'tive reaclance of a 250 ^th (dioki* coil al (a ) 550 kc? (0) 
KKIO kc? fr) 1500 kc? (r/) 7.5 me? 

20. What is t he inductance of a i-oil that has an inductive reactaiici' of d50t) ohms 
lit fit) cyides? 

21. If the transformer of l*roh. Itt is operati'd at (10 cych's, whal is the inductive 
rear'd,aiice of (a) tin' |)rimarv wiiidinix? (M The secondary winding? 

22 . The sec oiidarv id' an r-f transformer has an induidanra' of 185 ^h. What 
is its inductive reactance at. (a) 500 kc? (7/) 1000 kc? (rj 15(K) kc? 

29. A to henry chrd^e coil that has a resistain'c of 175 ohms is connected to a 110 
volt tit) cycle powt'C supply, (a) What is its indurdive ri'aidance? (^) What is its 
impiMlance? (c) What current iloes it rlraw from thr* line? 

24. Itepeat I'roli. 28 for a (i lieiirv clndce coil whose resistancf' is 2(X) olims. 

2B. What cunent will a 4-henry rdiidci' I'oil whosi' I’l'sistance is KiO ohms lake 
when coiinecteil to a 120 volt (iOcyr h- power supply line? 

26. A coil havinir an inductance of 800 ^uh and a resistance of 0 ohms is rron- 
lU'cteil across a 8 volt hatlery. What time is reiiuired for tire current to huild uj) to 
68.2 pi'r cent of its hnal valiu'? 

27. A coil having an inductance of 80 henries and a resistance of 250 ohms is 
connect I'll across a 8 vidt hatterv. What time is riMjuireil for the current to huild uji 
to 68.2 per cent of its final valui'? 

2B. If the roil of Proh. 26 is conneeted ton KXX) kc 3-voll a [■ power supply, find 

(d) the indiictive reactance, the iin|)edaiier', (c) the an^le of lap, (r/) the current. 

29. If the coil of Proh. 27 is coniu'cled to a tiO-cyide 80()-volt a-c jiower supply, 
(iiul (<i) the inductive reactance, p/) the impcilaiicc, (c) the angle of lap. (r/) the cur¬ 
rent. 

30. Whal is (In’ mutual iiiductarice of two coils wound adjacent to one another? 

Assume that all the mapnelie lines set up in the first coil cut all the turns of the 

second coil. The |)rimary coil consists of 800 turns wound on a cardboard core 1 in. 
in diameter ami 4 in. long. The secoiularv roil consists of 1600 turns wound on a 
cardboard core If in. in diameter and 4 in. lonp. 

31. What is the mutual inductance of the transformer of Proh. 10 if the coefficient 
of coupling is O.flo? 

32. What is the coefficient of coupling of two coils whose self-inductances are 
0.04 ami 0.06 mh and whose mutual inductance is 0.01 inh? 
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33. What is the noefficieiit of eouplini; of two noils whose self-inductances are 50 
and 75 /ili and whose mutual inductance is 5 ^li? 

34. What is the coeflieiiuit of coupling of two coils whose self-inductances are 
5 and 8 mh and wdioae mutual iriiluctance is 75 /ih? 

36. Two coils, the (irsi having 31X) turns and the second 450 turns, are placed so 
that only 5 per cent of the lines set up hv coil 1 link coil 2. If 1200 lines are set up 
when 3 nia flow through coil 1, what voltage will he inducefl across coil 2 if the current 
decreases from its maximum value to zert) in 0.(K)(K)3 sec? 

36. Two coils, one having an inductance of 100 ^ih anil the seiamtl 4(K) /uh, are 
arranged so that they may he conneidetl in series in the various ways shown in Tig. 
S 10. What is the inductance of thi' circuit when the two coils are conmaded in aeries 
so that they are (rr) aiding and the coupling is 100 per cent? (f)) Opposing ami the 
loupling is 100 per cent? (c) in a position that proiluces zero coupling? (if) Aid¬ 
ing ami the cou|ding is 50 pi‘r cent ? 

37. 'Fwo idioitiiail I'oils are conneited in siuiivs aiiling \> ith a coujiling coellicient- 
nf 0.20. What must h(' the inductance of each cf)il to i)rf)duce a circuit inductance 
of 185 Mh? 

3B. What is tlie iniJui-tance of each coil in Trol). 37 if the coedicient of coupling 
is reduced to 0.02? 

39. It is di'sired to determine the inductance of a. coil Irv tin; im])edance methoil. 
The coil is coiiiiented to a cirimit as shown in I'dg. S IS, and the following meter read¬ 
ings are ol:)tained; voltmeter 115 volts, ammeter 1.0 aini», wattmeter 5 watts, fre- 
iiue.ncy GO cycles, (a) What is the induid.ance of the coil? (fj) What is the Q of the 
I’oil? 

40. The coil in Ih ol). 30 is connected to a signal source of 12 volts and 500 cycles, 

(f/j What is the inductive reactance? (fO What is the resistance [)f the coil if the 
coil Q is assumed to he the same as in Troh. 30? (c) What is the impedance of the 

coil? (r/) What current will tlie coil draw? 

41. What is the inductance of a high-<? coil that draws 3 ma when connected to a 
10-volt 5(K)0-cycle j)o\vcr supply? 

42. A coil having a Q of 150 and an inductive reactfince of 1200 ohms at GO cycles 
is connccltal to a lo-volt lOtKl-cycle source of power. Find (a) the iniluctance of tlui 
coil, ih) the r[!sistance of tlie coil, (r) the current. 

43. A coil is connected as shown in Fig. 8 18 in order to deteriniiu! its induetanee 
liy the iinjjedaiice method. The following meter readings were ohtained: voltmeter 
110 volts, ammeter 10 ma, wattmeter 0.012 watt, frequency GO cycles, (n) What is 
the induidiini'e of the coil? [h) What is the Q of tin* coil? 

44. If the induidance of thr‘ i-uil of Froh. 43 was detf'rmined hy assuming that the 
inductivo reactance is aiipro.ximatcly etjual to the impedance, w hat is the percentage 
of error in the answer ohtained by this method? 
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CAPACITANCE 

Radio and Inlovision rtnieivers and transmittors (and industrial elcr- 
tronir; equipinont) roquirr rnsistanoe, inductance, and capacitance in one 
or more of their circuits to make them operate satisfactorily. The effects 
of resistance and inductance have already Vieen presented. A knowledge 
of capacitiince anil of its effects in a circuit is therefore very necessary. 

9-1. Capacitance, Capacitor Action. I^rinciyh: e/rV/pfjr/^a 7 /rc. Capaci- 
tania* is defined as the ])roperly of a circuit tliat opposes any change in 
the [iniouni of voltage. Notice how much this definition conftirins with 
file one for inductaiu'e, which states that inductance is the pro|K*rty of a 
circuil that opposes any chanf»;e in the amount of current. Whereas in- 
duclaiice is causeil hy (he nuiKnetic field and it opposes any chan|j;e in the 
amount of current, capacitance is caused hy the electrostatic field and it 
opposes any chan^i* in the amount of voltaf^e. The capacitance is also 
referred to as tlie capacily, hut the ])referred desi( 2 ;nation is capacitance. 

Capacilance is ])resenl, in practically all a-c circuits-, in some instances 
it is desiri'd, while in otliers it is not. In many radio circuits it is desired, 
anil in such cases a special device called a capadior is used to obtain the 
required amount of ca|)aci(ance. 'I’he capacitor is also known as a ron- 
(ivmvr, and even Ihoufth the name condvm^vr was used a great deal, capaci¬ 
tor is the better name and has rapidly become the more popular. 

A capacitor is fonned whenever two conductors are placed close to one 
anothi'r but are separated by an insulator which is called the divhciric. 
The conduetDrs are usually made of thin plates in order to obtain sufficient 
area, and the insulator is usually a very thin piece of material. The details 
of construct ion are fully described in the following articles. The theory of 
the action that takes place in a capacitor will now^ be described. 

Electron I'hrorn of Capadtor Action. According to the electron theory 
(see Chap. II ), all matter is made up of electrons and theflow^or movement 
of electrons constitutes an electric current. In Chap. TV, conductors 
were described as being such materials in which electrons are free to move 
and which offer very little resistance to the flow^ of electrons. Insulators 
were described as such materials in which the electrons have a very strong 
attachment to their nucleus and hence are not free to move far away from 
the nuclei; they also offer considerable resistance to the flow' of electrons. 

f igure 9-In shows a capacitor consisting of two metal conductors A 
and B separated by the dielectric C. The capacitor is connected to a 
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switch, a meter, and a battery. With the switch open, as shown in the 
lig;ure, the battery ernf can have no effect on tlie capacitor and the meter 
indicates zero current f^o^^^ The capacitor has no charge, and in terms of 
the electron tlieory the materials of the plate and the ilielectric are in a 
neutral state. The nucleus and some orbital electrons of two atoms of the 
dielectric are shown. It should be rememl)ered that the dielectric has 
loo large a number of atoms to attempt to show all of (hem; therefore for 
con\ eiiience only two are shown. Furlhermore, since tlie aidiial material 
of the dielcf'tric has not been named, no speci/ic eh'ctron structure of the 


■Insu/cifor C Insuhfor C 



I'ni. !)-l. I'liiiriplrs f)l rnfinrilnr (u) riipaciloi- in iirulral rli'i truii sl.'ili*, (fO ri [•InirfftHl 

f‘;ip:u‘it[)r. 


:itoin can be shown and the atom is represented l)y a nucleus and six orbital 
electrons. 

If the switch shown in Fig. D-b/ is closed at d/, the following actirms 
take place. 

1. ddie einf of the battery causes c*lectrons from plate .1 to How through 
the circuit to ])late li as indicated by the arrows; this eh‘ctron flow will 
also be indicated Ijy a movement of the neialh* f)f the under. 

12. The transfer of rdia trons from plate .1 t rj plate/f caiis(\s plate A to 
have less than its normal amount of electrons, anti it is saiil to have a 
positivv rhanjr. As plate B has taken on some electrons, it, now has an 
excess of electrons anti is saiti to j)tjssess a ntgaHvr rharyf. lender these 
f’onditions, an electrostatic field is said to exist between plates A anti B 
of the capacitor. 

3. The dielectric f’, being in the electrostatic field, will be affected by 
it. liecause of the nature of the dielectric material, its electrons tlo nt)t 
become separated from their nuclei but the eletdrostatic field does cause 
their orbital motion to become distorted as indicated in Fig. 

4. This distortion causes an additional electrostatic field within the 
dielectric that is opposite in direction to the field between the plates, which 
in turn causes more electrons to flow from plate A to plate B and restores 
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the electrostatic field between the plates to its original strength. The di¬ 
electric lias thereby increased the charge on the capacitor. 

The action just describ(M] is referred to as chargimj a capacitor, because 
through this action plate A lias b(‘coine jiositively charged and plate B 
negatively charged. This entire action takes place in a very short time, 
usually a small fraction of a second. 3'he flow of electrons from plate A 
to plate B is completed in this short interval of time, and hence the current 
exists only for that time. The movement of the meter needle referred to 
above will therefore be only a momentary movement, that is, the needle 
will indicate a current flow for just a sliort period of time and then return 
to zero indication. 

The discussion so far concerning the action of the capacitor shovdd make 
clear two important characteristics: (1) A capacitor is a device that ac¬ 
tually stores electriiail eniugv. (2) The current iloes nut flow through the 
capacitor, but the lairrenl How inditaitetl l)y the meter represents the 
transfer of electrons from one jilate to another. 

EJfcct of (Uipacitor Losses. If the switch, Fig. f)-16, is now opened so 
that it does not make contact with (‘ither M or N, the capacitor ivill be 
disconnected from the line. At the instant of tinu' when the switch is 
being opened, the caiiacitor is charged; that is, one jilate lias an excess of 
electrons and tlie other has a deficiency of eltadrons. Also, electrostatic* 
liehls exist between the plates and in the dielectrii*. If the capacitor is 
assumed to be a yDcrfect one, that is, having no losses, it will remain in a 
charged condition until coTinected into a (*losed circuit and then it will 
discharge through that circuit. Fnfortunatidy, all capacitors have some 
lossi\s, as will be described later. lloweA cr, the losses are small, and some 
types of high-grade capacitors may hold their cliarges for several hours or 
more. 

Elcr(ro7i Flow in a (^apavitor Circuit. Tf a i*apacitor is connected in a 
circuit similar (o Fig. 11-1 h and the switch is closed through point A/, the 
cajiacitor will become [‘barged. If the switch is opened and kept ip the 
open position, the capai'itor will remain charged. If the switcli is now 
closed through point N, it will form a closed circuit from plate B througli 
the connecting wires, tlu' resistor R, the switcli, and the ammeter to plate 
A. As plate B of tlie cliarged capacitor has an excess of electrons, some 
('lections will now flow through the circuit back to plate A. This flow of 
electrons constitutes a current and wall cause an indication on the ammeter. 
The current of a capacitor discharging througli a resistor will decrease 
ipiite rapidly. The time required to discharge the capacitor through a 
resistor will be dependent on the product of R and C. In most cases, how¬ 
ever, the current will decrease so rapidly that the ammeter will merely 
show' an indication for an instant and then return to zero. 
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If the battery terminals in Fig. 9-1 b are interchanged and the swilcli is 
closed through point :1/, the capacitor will become chargeil, but now plate 
.1 will have a negative cliarge ami plate B will l)e positix e. 

If the capacitor is (‘onnected in a circuit similar to Fig. \)-2a and the 
switch is closed toward F, a momenlary current (low ill be indicaled on 
the meter and plate A will take on a i)()sitive charge, while plate B ^^ill 
become negatively charged. If the switch is changetl so that it is closetl 
toA\ ard G, a momentary curi ent flow will again be indicated on the meter, 
hut this time the needle will move in the opi)osite ilirection to that when 
the s^^^itch was closed toward F. Plate .1 of the capacitor will now have 
a negative charge and i)lat(‘ B a positive. J'kudi time the switch position 
is changed, a momentaiy r urrent flow will be inilicated by the meLer. 
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If a capacitor is ciinntaded to an a-f‘ poAver supply as in Idg. !)-2b, tlie 
imlaritA' as applied to the plal[‘s is continually lii'ing leversiMl. I'hv num¬ 
ber of reversals Avill be doulile the number of cycles; hiaic.e a capacitiir con- 
nei'ted to a bO-cycle power line will have 129 reversals per si'cond. With 
alternating current applied to a cajjafitor, the electrons aie Ihjwing con- 
limially from one plate through tlu' external circuit, to tht‘ other plate and 
then liack through the external circuit to the first plate, etc. This is 
called capacilor action. 

9-2. Factors Affecting the Capacitance, ('apacitance is defined as the 
property of a circuit that opposes any change in the amount of voltage, 
ddie action of the capacitor has just lietm explainer!, anil we shall now study 
the unit t)f capacitance and the factras tliat afTfa-l its value. 

Unit of Uapariiancr, The unit of ^•apacitance is the /f/rr/r/; it was nainral 
in htHior of an earl\' scientist, Alichael Fararlay. A circuit has a capacitance 
rjf one farad when a voltage changing at the rate lA one vrdt per second 
causes an average current of one ampere to floAv. The symbol used to repre- 
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.s(?nt napacitant'o is the letter C. The farad is too large a unit for practical 
purposes, and the microfarad (one-millionth f)f a farad) is commonly used. 
Several forms r)f at)ljrc‘vial ions su(‘h as /uf, rnf, and mfd are used to represent 
the word microfarafl', the symhol ^lf will he useil in this text. In radio work 
the microfarad is fjften still lotj large a unit, and it is common practice to 
use the miirf)microfarad (one-milliontli of a millionth of a farad), ab- 
l)reviated as mmI- 

Eactors AJfrrtinf/ the (Mpavitaricr. Since a capacitor (or a circuit) has 
a capacitance of oii(‘ farad when a change of one volt per second causes a 
curreni of one ainpert* tri flow, it can la* said that the capacitance dt'pends 
upon the number of electi‘ons s(‘l in motion l)y the spf‘f“ilied rate of voltage 
elninge. f rom tla* di'linition that a eaj)acitor consists of two conductors 
se|)aral(‘rl by an insulaloi- (the ilielectric) and from the discussion in the 
preceding artich', it is e\od(‘nt t hat the number of (‘lectrons flowing from one 
eonductor to the oth(*r will be direiUly proportional to the active area f)f one 
condii(‘t or. Tliis is true whether the conductor has only one plate or several 
I)lal(‘s i'inin(*cted in j)arallel (set* Art. !)-3). A st'confl factor that aflects 
(h(* capacitaiu'c is tin* thickness of the dielectric, l)ecause if its thickness is 
reiluct'd, ft'wiu' distortc'd electron orl)its will oi)pos(‘ the el(‘(*trostati(‘ field, 
This results in a gieat(‘r number of electrons being stored in the r'onduct oi-, 
\vhich inci’i'ases llu* cai)acitanc(‘. As a decrease in the thickness causes an 
incri'ase in capacitaiua*, it may l)e stated that capacitance Aaries invt‘rs('l>’ 
with till* thickness of the diel(*(*tric. d'lu* third faetoj’ alTf'i'ting tin* capaci¬ 
tance is tin* kind of mat (‘rial used as the dielectric, llecaiisf* the atoms of 
dillererd imiteriids have* differtmt orliital electron ari'angements, the elTect 
ui)on the charge on tin* platt's will A ary. This effect is accounted for by a 
value* called tlu* tficJcctrir con,slant K of the* material. The ca])acitance is 
diieclly pi-o|)nrlional to tin* value of K. A list of I\ xalues for materials 
us(*d in the const ruction of capacitors is given in Appendix VI. These thr(*e 
factors alTi‘cting tin* capacitance are represented in each of the following 
e(]ualions lor capacitance. 

The capacitance of a simple capa(*itor, that is, one having two flat plates 
separated by a dielectric, may be found by the equation 


22.15/vA 


(9-1) 


where C — capacitance, microfarads 

A — area of one plate, square inches 
K = dielectric constant (Appendix A I) 
f = thickness of diidectric, incVies 


Exnmpiv 9-1. VVliat is Ihc laiparit hiu-c of a rapacilor niatlc of two plates of tin 
foil, cacli 0 X 8 iiiche-s, separated hy a sheet of mica 0.01 inch thick? 
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Given: 

A = 6 X 8 
A' = 5.5 
i = 0.01 

Solution: 

22-4riA'A 

io«7 

_ 22.45 X 5.5 X 6 >^8 
10« X 0.01 

_ 5??? 

lO" 

= 0.005020 /if 

9-3. Fixed Capacitors, Commercial Types. (Uasi^rfivatiori of Capacitors. 
Ciiparitors aro manufauiurtMl in various foriiis anil may bp divided into two 


Find: 

C - ? 


D/ekcfnb 



I n;. 0-3.—A parallpl-ydato f-apanittir. 


fundamental rdasses, namely, fixed eapaeitors anil variable (‘apaeitors. 
d"he fixed eapaeitors may V)C further elas.silied as to tin* type* of material 
used for the dielectric, such as mica, paper, ei'ramie, oil, and electrolytes. 

The variable capacitors are descrilxal in Art. 0-1. The electrolytic capaci¬ 
tors and their actions are described separately in Arts. !)-10 to !)-]2. 

A capacitor constructed so that it can have only one value of capaci¬ 
tance is called a//.red cf/pacz7f>r (or fixed condenser), rraetically all radio 
circuit.s contain one or more fixed capacitors. Of the four types to be 
described in this article, the paper and mica capacitors are the most com¬ 
mon because they are used in a-m radio receivers; the ceramic and mica 
capacitors are employed in high-frequency circuits sucli as f-m anil tele¬ 
vision; the oil dielectric type is used mostly in high-voltage applications. 
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Mica Dielectric Capacitors, Mica capacitors are made by stacking 
plates of tin foil (or aluminum foil) and thin sheets of mica in alternate 
layers. Figurt; 0-3 shows that alternate plates arc connected to foim one 
terminal; for exami)le, plates 1,3, 5, 7, 9 are connected as one terminal, and 
plates 2, 4, 0, 8 form the second teiTninal. Examination of the figure will 
show that both sides of the plates, except the outsiile plates, are now active 
anil that the active arcai will be e(|ual to the area of one plate times a num¬ 
ber eipial t o om^ less than tlie total number of plates. Applying this con¬ 
sideration of area l-o Va\. (0-1) will result in the following equation for the 
capacitance of a multiple-parallel-plate capacitor: 

22A5KA(N - l) , . 

1()»J 


Example, 0-2. Whiit is the capacitaiu;e of a capacitor made uj) of 103 plates of 
lead foil, each two inches sipiare and separated by layers of mica 0.01 inch thick? 

Given: Find: 

K = 5.5 C = ? 

A = 2X2 
N = 103 
( = 0.01 


Solution: 


22AlyKAiX - 1) 
JO''^ 


_ 22.45 X 5.5 X 2 X 2 X 102 
10^ X 0.01 

= 0.050 Mf 


For convenience in manufacture, the plates are usually made of tin foil 
because it can be stamped into thin flexilile strips and easily soldered. 
Mica can l)e split int o wry thin sIumOs and makes an excellent material for 
use as th(' dielectric. The complete capacitor, consisting of the plates and 
dielectI’ic, is usually enclosed in a molded Jhdvelitc container to keep out 
the moisture. Mica capacitors have low dielectric loss and a low power 
factor, and will withstand much liigher voltages than paper capacitors. 
He cause of the stacked plate construction, the inductance of the capacitors 
is very low; thend'ore the losses due to inductance at the high and very high 
frequencies are practically negligible. Its low dielectric loss, low power fac¬ 
tor, low value of inductance, and high voltage rating make the mica capaci¬ 
tor almost indi.spensabh‘ in liigh-frequency circuits such as are found in f-rn 
and television receivers. Mica capacitors are made in various sizes (see 
Fig. 0-4) anil may arl)itrarily be grouped as small, medium, and large. The 
small-size capacitor usually has a capacitance of 1 to 10,000 micromicro¬ 
farads with a d-c working voltage of 31X) to 1000 volts. Medium-size 
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capacitors have a capacitance range of 30 t o li0,0t)0 inicroinicrofaraLl.s an ith 
(1-c working voltages of tiOO (o 25(K) volts, l.aige capacit ors liave a capaci- 
lance range of 50 to 1,000,000 inicromicrofarails with il-t; worldiig \ ol1ages 
10 10,000 volts. 



I iii. — Cutiinionkil typc« of Jiiit-a dkikM'lrii; rfipufil ors. {Solar Mnnnjnriuriny 

Vor])oral'i[)n.) 

Papf r Diclcrfric Caparilor.^. C'jipjicitors of tiiis typn inv usually marlo 
uilli tin foil lo]’ the (■onductors anil willi sonu* foim of sjx'fially lii'iiloil 
impur foi' llip (lioloflric. ddio tin foil and pa])i‘i' aro made in lon^, narrow 



Fig. 9-5.—Tyjtif'iil l OiiMnicliuii of pupiM- diolcfirif* rapar-iiors. 


strips and then rolled to^j;ether to foim a more eompaet unit, as shown in 
Jigs. 9-5 and 9-7. The strips of tin foil are plae(*d as shown in Fi^. 9-5; 
this arrangement permits a lead to Vie soldered at eaeh imd in such a manner 
that each turn of a conductor may be connected to the terminal for that 
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conductor. This reduces the inductive effect of the various turns; such a 
capiif:itor is called a nonindurtivc type. The paper used for the dielectric 
is usually arraii|!;t!d so that two or more layers of paper separate the plates 
(see Tig. 0-5). The use of two or more thicknesses of paper in place of a 

single sheet reduces the possibility 
of faulty capacitors owing to the 
tiny holes that may appear in the 
paper; even high-fpiality paper is 
likely to have some minute holes. 
When several layers are used, it is 
unlikely that the holes will be pres 
ent in each layer at exactly the same 
locations and hence the possilhlity 
of c,apacitf)r failures is reduceil. 
When a capacitor liaving two plates is rolled into a cylindrical or flat- form, 
oiu^ of the plat('s wiW have two active surfaces, as may Ix' sf'en from ('x- 
aminalion of Tig. Th(‘ active area of such a cajjacitor would be two 

tinu's the anai of one plate. 

is (In* CMiKicil uf a I'tipiu'il ur coiisistiiiK of Ivvn plates, 
(xirli fimr iiielics wiilc mikI f(‘i*l loiif;, scp-’iral (mI by m i)ar;LlIiiUMl |)jip(‘r iliclcM-l i-ic, 
t litil is l).(X)5 inrii 

Xu’l'C; ’'riu! iir is iiiti.) ii conipaiU cyliiulneal form. 

(liven: Tind: 

I = 2(i ft C = ? 

1/) = 4 in. 

K = 2.2 

t = oxm 

Solution: 

vl = ? X 1 /’ X 2 = 26 X 12 X 4 X 2 
= 2496 sfi in. 

_ 22.45AM _ 22.45 X 2.2 X 2496 
~ lUV ~ 10" X 0.005 

= 0.247 M 

Paper capacitors are used extensively in radio work because they have 
(he adA Miiliige of being smaller in size and lower in cost tluin mica capaci¬ 
tors. They have higher losses, higher power factor, and a shorter life 
than mica capacitors. The inductance of the so-called noninductive-type 
pai>er ca|)a(“itor is relalivtdy^ low, and (here is no appreciable loss in capaci¬ 
tance due to inductance' at the low radio frequencies encountered in a-m 
broadcast receive!' circuits. However, at the higlier radio frequencies used 
in f-m and television receivers, the loss in capacitance due to inductance is 
appreciable; therefore this kind of capacitor is not generally used for these 
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types of service. The completed capacitor is generality placed in a metal 
or cardboard cont ainer and then sealed with wax or pitch t o keep out mois¬ 
ture. The sizes of paper capacitors range from 0.0002 to several micro¬ 
farads. Many of the larger sizes are now replaced by electrolytic capaci¬ 
tors. 

Ceramic Divlcciric Capacitors. Ceramic dielectric capacitors are 
generally made by applying a silver coating on l)aked ceramit!. A ceramic 
is a substance that is made from earth b^'' tlie use of heat. The ct)inposi- 
tion of the ceramic can be cuintrolled so that it Avill produce a dielectric 
tiiat makes possible the manufacture of capacitors having positive, nt'ga- 
tive, or practhvally z(u‘o temperature coefficients. Tlie kiinls of ceramics 
most generally used as a dielectric for capatutors are (1) titanium dioxide, 
(2) a hyilrous magnesium silicate called stvaUtc, (3) a complex magnesium 
aluminum silicate called cordivrilc, (4) a mixture of ground mica and h'ad- 
borate glass called Mycalc.r. Ccaamic capacitors are ma,dl^ in t^vo forms 
(1) till' tubidar type in which a silvei* coating is applied to Ijoth sides of a 
ceramic t,id)e so that two silver coaxial (‘yliiiders are foi’inofl, AAhich are 
separated l)y a ceramic dii‘l(‘c.tric-, (2) a feed-through type in which a silver 
coating is applital to V)oth sides of a ceramic disk. 

Ceramic capacitors have' a relatively high dielectric constant and there¬ 
fore have a very low dielectric loss; one, commtn’cial form has a dielectric 
cf)nstant of (iOOO. Tlu'se capacitors also have a very low powei' factor, 
jn-actically no inductance, excellent capacitance stability, and high voltage 
rating, and t.hey ari^ (pnt(^ compact. 

C^eramic capacitors are Aised in radio and t[4(wision circuits wherever 
efficitmt high-frc(iuency by-jAassing or ctnipling is requirctl. This type of 
capacity)!’ is also used in oscillator and other types of circuits in which tin', 
capacitance must l)e maintained constant, regardless of temperature 
changes, in older to prevent frequenev di’ift. 

Oil Dick’ctric Capacitors. In radio transmitter circuits, it is not unusual 
to have voltages aliovt; (iOO volts, and under such conditions paper capaci¬ 
tors and, in somt* instances, mica capacitors will not have a very long life. 
In such cases, special capacitors make use of oil or even a combination of 
glass and oil as the dielectric. These capacitors are more expensive and 
are used mostly in transmitters. 

9-4. Variable Capacitors. Coiistruction. In certain parts of a radio 
circuit, it is necessary to use a capacitor Avhose capacitance can Vie varied 
or adjusted to obtain a definite condition in that part of the radio circuit 
in Avhich it is used. A varialile capacitor consists of two sets of plates, a 
rotating set called the rotor and a stationary set called the stator (see Fig. 
9-8). The stator is generally made Avith one more plate than the rotor. 
The capacitor is so constructed that the rotor plates Avill move freely in 
betAveen the stator plates, thus causing the capacitance to be varied. 
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It lias bonn montioned that the material used in making the capaeitor 
|)lMtfj,s must be a good eondiietor. The plates of a variable eapaeitor must 
also be strong and rigid in ord(u- to maintain a uniform eapaeitance and 
to pi(;vent a i)ossible short circuit between plates. As the plates are 
often expf)sr‘d to the air, the material used should be noncorrosive, for 
corrtjsion will incn'ase the resistance of the jdates. For this reason, brass 
and aluminum are used ratlua’ than pure coi)pta', even though copper 


A 



I’m. 9-7. (•DmnuTciiil ty|)ns of paju'r iliolor-tiic i!ai):ir-ift:)i‘.s. [Snlar Munufadtirinu 

f 'oT}f<}r(ilion.) 

is a bet ler conductor. TIktc is vc'rv little ditTerence l)etween the resistiince 
of br ass and aluminum, although Iwass will corrode and aluminiiin is 
pract ically Irei' Iroin cori'osion. Jlrass ])lates weri' forniiudy used and had 
to bi‘ lac(iuered to iireviait corrosion. CajiaeiLors are now made with 
aluminum i)lat(\s or with cadmiuin-V)lated brass jilates. 

I wo ilillerent nu’tals joined together will ef)rr()de in time unless the 
joint is ^^•ell soldcMaal, A^'eld(‘d, or brazed. This corrosion will increase the 
resistance bi'twi-en the ydaies. To guard against having this high re¬ 
sistance, the s})ai'ers and shaft of thi' rotor and the bar that acts as the 
si'parator for the stator plates are all maile of the same material. In 
ailditioii to this, the plates are usually soldered or brazed to their shaft or 
other support. 

Idle thii'kness of capaeitor plates has no effect on the capacitance. 
To reduci' the losses due to skin elTect and eddy currents, these plates are 
made as thin as practically possible. Most of the plates used are ap¬ 
proximately 0.025 incli thick. As the capacitance will vary inversely 
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with the distance between the rotor plates and their adjacent stator plates, 
it is desiral)le to have this distance as small as practicable. This distance 
is usually 0.025 inch, wliich is the same as the thiclciiess of the plates. 
When the rotor plates a,rt‘. in mesh with the stator plates, there will be 
two air gaps and one stator plate between two adjacent rotor plates and 



1 


I' li;. H-S.— ( '(Jill Mif'i'f'itil tvi)[vs of vari.'iblp oujj'ifilfirs: (n) .sLaiiiliirt.l-.sizn .sifiKb^-brniiJf'/ist 
(/j) iiiirlKi*! sjjlit-.st.'itnr (r) inidKfa, .siiiKlii faijar’ilrjr, (r/) iiiirru Lapanitur. 

{Ifainniarlund Manufacfuring iJmnpaiiy, Inc.) 

two air gaps and one rotor plate between two adjacent stator plates. This 
means that the distance between two adjacent rotor or stator plates would 
have to be approximately 0.075 inch. 

Ranges of Capaeitors. For oialinary broadcast recei)tion, the raipacitors 
used will range from 250 to 500 microinicrofarads when all the rotor plates 
are completely in mesh Avith the stator. For sliort-Avave reception, the 
capacitance is generally less than 150 microinicrofarads. For high Irc- 
fpiencies arul ultrahigh frequencies, the eapacitaruje required is very small 
and midget varial)le capacitor.s are used (Fig. 0-8]. These capacitors are 
constructed in the same manner as regular capacitors, the only difference 
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being in the surface area of the plates. A midget capacitor may have a 
maximum capacitance ranging from 25 to 150 micromicrt)farads. When a 
smaller capacit-anct; is retiuired, micro capacitors are used (see Fig. 9-8). 
Such capacitors have a maximum capacitance as low as five mi(;romicro- 
farads. 




(ft) 

Fill. O-D. —Coiiinu'n’iiil i)f variiibU' riipuritors: (a) riii>[ir'it.r)r ■with opposed rotor and 

stator for pnrftM’f roimlorhiihiiii inn, diHil)lp-sp!ifL*d tr'insmittiiiK rapac’itor. {Hammarlund 
AlanufaciuT'ina f’onijni/ijiy, Inc.) 

Transmuting Carpavitors. In transmitters, the voltage betAveen plates 
is very high and d[)uble spacing must be used. This means that the spac¬ 
ing between two adjacent rotor and stator plates would be 0.05 inch and 
the spacing Vtetween two adjacent rotor or two adjacent stator plates would 
be 0.125 inch (see Fig. 9-9). Tn all other respects, they are constructed in 
the same manner as any other variable capacitor. 

Splii-staior Capacitors. In certain radio circuits, it is necessary that 
the capacitance of the circuits be perfectly balanced. In order to obtain 
this condition, a split-stator capacitor is used. The stator of this type of 
capacitor is separated into two equal parts, each half being electrically 
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insulated from the other. In all other respects, it is constructed in the 
same manner as any regular capacitor. When the rotor is made with a 
large number of plates, the semicircular shape of the plates will place all 
the weight of the rotor on one side. This shift of weight will tend to move 
the rotor out of the position to which it has been adjusted. To overcome 
this difficulty, the rotor is balanced mechanically. This is accomplished 
by having half of the stator and rott)r plates mounted 180 degrees mechani¬ 
cally from each other (see Fig. 9-9). 

Multiple or Gatig Capacitom. Radio receivers generally contain more 
than one stage of tuning, and a variable capacitor is required for each 
stage. When separate capacitors are used, each circuit must be tuned 
separately. This method formerly meant that a large number of dials had 
to be adjusted to tune in a station. An easier method is to tune all the 
circuits simultaneously. This is accomplished by placing all sets of rotat¬ 
ing platt^s on a common shaft. These capacitors may consist of two or 
more iinit-s and are called multiple or gang capacitors (see Fig. 9-10). 

Calculation of Capacitance. Tln^ capacitance of variaVjle capacitors can 
l)e calculated by using Eq. (9-2). The area of the rotor plates in mesh 
with the stator is the area to be used. Wlum the rotor plates are com¬ 
pletely in mesh with t,he stator, maximum capae-itance is ol^taincd. Rotor 
plates do not have uniform shap(»s, and therefore their areas cannot be 
measured or calculat(‘d in tlie usual manner. If an ac-eairate value of area 
is desiretl, a planimett^r is \ised. For the purpose of illustrat ing the use of 
tins equation we can assuiin^ an approximate area for the plates. It can 
be found by approximation that the area of the average rotor plate used 
in broatlcast receiva^i s will genei ally average about 2.75 square inches. In 
vaiiable capacitors, the dielectric is air; therefore K is always equal to 1. 

Exaftiplc [1-4. What is the maximum papacitanre of a 15-plate variable capacitor 
if each rotor jjlatc lias an area of 2.75 square inches anil each air gap is 0.025 inch? 

Given; Find: 

A = 2.75 sq in. C = ? 

N = 15 
K = 1 
t = 0.025 


Solution: 

22.45 X KX A X (N - 1) 
10 “« 

22.45 XIX 2.7 5 X 14 
W X 25 X 10-» 

= 0.000346 


= 346 
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Variable eapacit ors having 15 plat es usually havt^ a eapaeitance of about 
350 miiTomierfjtarads; therefore it ean be seen that this equation can be 
used ff)r vai iable as wadi as lixerl capacitors. 

AdjuMuhk dapacitOTfi. Adjustabh^ (;apacitors, sninetimes referred to as 
trimrnvrs or paddrrs, ai'e used to arljust the capacitance in a circuit, balance 
the capacitance bi‘t\v[*cri two or more tuiiinn; circuits, or iieuti'alize a circuit. 
This typti of capacitor consists of two plates insulatcfl fi om f'atdi other by 
means of a mica shf‘et, constructed so that tlie distance S('parating the two 



(«) {h) 

Fia. 9-10.—Comni[>rciiil lypc'.s nf iniillipli', or kluik, fLipucitors: (ri) t\vo-^j;iiiK papacitor, (I;) 
UirPO-RaiiK (’apacitor. (a/f i.s-.'f/K’r Manufacturing Diriaioti, Maguin: Indiislrirs, Inc.) 


plates can bi^ varied by means of adjustin*^ a small setsciawv (see Fi^. 0-11). 
Trinuner Lind pailder ca])acitors an' generiilly ratetl as to thc'ir minimum 
and maximum ca|)aci( ance. Trimmers having’ minimum capacitance as 
low^ as 0.5 microniicrofarad and maximum capacitance up to 500 micTo- 
microfarails can b(' olilainiMl. .Vll Aairiable or adjiistal)le capacitors have a 
ci'i tain amount nf minimum ca])acitance. Tins is ordinarily vtay small in 
relation to tlu‘ maximum value and fj;enerally can be i^noi-ed. ('apacitors 
us(hI lor trimmi'rs and padders have a vi*rv small maximum capacilanc(‘; 
tluacfore, in ordei- to obtain adjustments over a lar”(‘ ranine, it is essential 
that the mininuini cai)acitance be as small as possible. 

9-B. Capacitive Reactance, Angle of Lead. It has been showm that 
w'lu'ii a voltage is applied to (lie plates r»f a capacitor a momentary current 
w’ill tlow ainl cause the i)lates to lu'come char^;ed, one negative and the 
other positive. The negative plate w ill have an excess of electrons, and if 
a higher voltage of the same polarity is applied to the capacitni*, the elTect 
will l)e to ti'iid to increa.se tlie number of idectrons on that plate. Since 
the plate already has an e.xcess of electrons, its action will tend to oppose 
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the inrroasc. This corresponds with the definition tliat rapMcitance opposes 
any ehaiigp in the amount of voltage. However, if the increastMl voltage 
is maintained, it Avill in a short time cause additional elections to be trans¬ 
ferred from one plate to the otlier. From this it can be seen that capaci¬ 
tance offers an opposition to tlie 
flow of current just as inductance 

causes an opiiosition to the (low of ^ 

curient. It can also be si'cn that j* J ^ 

capacitance delays a change in volt- ^ 

ag(‘ just as imluctance delays a , 

cliiiticp in fiiiTcnl. ^ ^ 

('aparitivv Rvarianw. Th(‘ o])- ^ 

])osit ion 1 o 1 la* flow of current offertal ^ 'I 

by a ca.pa.cit aiice is call(‘(l the vapavi- 

iivv rvariuiirv. It is (‘xpressial in ^ ^ 

ohms, :ind its symbol is Ab*. Th(‘ 

A’idue of the capaciti\'e reactance is 
affecled l)y two factors: the ctipaci- 
taiic(‘ of the circuit and tlu‘ ride of 
sjKM'il ill which the voltagi' is ehang- 
ing. Th(‘ capacitanci^ of a. cii'cuit 
di‘|)('nds on tin* jiliysicid eliaracter- 
istics of the capacitor (oi‘ circuit) 
and has been explaiiu'd in Ai’t. J)-2. 

ddie rate of speed at which the 9-lJ. ('umrnnrr-ifil typ.s 

' r-!ii(!if‘ivots. [Ilainmarlund M an}ijavtur%n{j 

A'oltage is changing is j)roportional Cortipany, inc.) 
tf) the frefiuenf’V of the iiower sup¬ 
ply to which it is connected. The effect of these two factors is indicated 
in the following equation 




S/ 


Fk;. 9-lJ. ( uininprfitil typps of mlju.stMblo 

r-aj Ofs. {Hainm arlu nd \f anufad living 

Inc.) 


where Xr = capacitiAa! naictance, ohms 
/ = frequency, cycles per second 
C — capacitance, farads 

Since the capacitance is usually expressed in microfarads the following 
equation will find greater use. 


lO' ^ 159,000 

2wfC 7C' " 


(9-4) 



322 


ESSE}^TlALii OF ELECTRICITY 


[Art. 9-5 


where Xc = capacitive reactance, ohms 
/ = frccjuency, cycles per .secr)nd 
C = capacitance, microfarads 

Exarnph 9-5. Wlial is the eajiaeitivc reiiRtanec of a 10 microfarad capacitor when 
connected to a 60-cycle circuit? 

Given: Find: 

/ = 60 Xc = ? 

C = 10 

Solution: 


Xc 


10 ^ 

2irfC 


10 * 

0.28 X 60 X 10 


= 265 ohma 


If a capacitor conlil be built without any losses, the voltage change 
would be dt^layed by such an amount that the current flow would lead the 
voltage l)y 00 electrical degrtM's. riirthorinore, the only opposition to th(‘ 
flow of current would be the catpacdtive i-eactance. Therefore, the current 
taken by a perfect capacitor would bo 


Ic 


Ec 

Xc 


(n-5) 


Substituting IOV^tt/C for Xc in Eq. (9-5), it may be restated as 


Iv 


2^fCEc 

lO*^ 


(when C is in microfarads) 


(9-0) 


ExampU' 9-6. Wliat current will tlie cajmcilor of Example 9-5 draw from a 110- 
volt 60-cycle line? 


Given: 

C = 10 
Xr = 265 
E = 110 
/ = 60 


Find: 

/ = ? 



110 

265 


= 0.415 amp 


Solution: 
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Example 9-7. Hnw murh curront will a 0.05-microfaraii capacitor take when 
connected to an a-f circuit of 25 volts and 5000 cycles? 

Given; 

C = 0.5 
/ = 5000 
E = 25 

Solution: 

^ _ 27r/C^ 

10 " 

6.2S X 5000 X 0.05 X 25 
10 « 

= 0.0392 amp 
= 39.2 ma 

EJfcct of the Ncsidancv of a Capaciiivc Circuit. Tlip discussion on capaci¬ 
tors up to this poini has assumcal a perfect capacitor, that is, one that has 
no resistance. In actual practice, it is impossible to luivc a circuit contain¬ 
ing- capacitanci* only, l)ecause tiu* plates and the cnnnectors of the capacitor 
have some n‘sistanc(‘. dliis resistance is usually so small compared with 
the capavative reactance that, it is ignored and the circuit is assumed to 
contain capacitance only. 

If, however, tin* resistance is to be considered, its ohmic effect must l)e 
combined with tlu‘ ohmic (dfetd. of the capacitive reactance. The com- 
l)ined ohmic td'lect is calhal the impcdtuice and is represented by the symbol 
Z. Mathematically it is equal to 

Z = \/i^+~Xc^ ( 9 - 7 ) 

where Z = impt'dance of the circuit, ohms 
R = resistance of the circuit, ohms 
.Yr- = capacitive reactance of the circuit, ohms. 

When l)oth tlie resistanra; and the (lapacitive reactance of a circuit are 
taken into consideration, the current floAving in the circuit will be equal to 
the voltage of the circuit divided by its impedance, or 



Avhere I = current flowing in the circuit 
E = voltage of the circuit 
Z = impedance of the circuit. 

When both the resistance and the capacitive reactance of a circuit are 
l^krii into consideration, the angle by which the current leads the voltage 
will depend upon the relative amount of resistance and capacitive reactance 


Find: 

I = ? 
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in tlio circuit. 44 k* an^it* by whiyli the eurrent hauls the voltage is ex- 
IJresserl in (4i‘c;trieiil rlegrees and is stmietirnes reft*iTetl to as the phase arujk. 
Its value may Ix^ didermined inath(‘matieally l)y the eciuation 


eus 0 = 


R 

Z 


R 

VK-^ + -Yr= 


(9-8) 


Exarnplf 9 H. W'lial arc (lu^ iin|)Oilnii(’C, [‘iirn‘ii(, anil plntsf*, anKlf iif a lO-iiiienj- 
furail ciiiiaril iir fniiniM tcil lo a 110 vull OO-cvrlc line? Xfitc tlial llu; capacitor is 
iH)t a iHTrei’l mil' ami llial ils rcsisl iiiifc lias 1 lie.saint* elTfcl as a 10 iiliin resi.stur rnn- 
ni'i‘,1 imI in serif.s ^vil li I lie capai'ilor. 

(li veil; I'iniJ; 

r ' - 10 z = 

E = 110 / = ? 

/ = 00 0 = ? 

R = 10 

Snlul/njii; 


At; 


10’ 

2irfC 


6.2S X 00 X 10 
= 205 nliins 

/ = Vii- + .V,' 

= \/i(F -t- iicr.' 

= 205.2 ohms 



no 

205.2 

= 0.41-1 amp 
R 

cos 0 = - 


_1^ 

~ 265.2 

= 0.0377 

0 = 8S® (from Appendix XI) 

ICxainining the results of this example, it may be seen that the value of 
the eapat'itive ri'aftaiiee and the impedanee are praetieally the same, and 
henee the euiTent of the eircuit loo will be prat*tieally the same whetl^er the 
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resistance is considered or i^^nored. This is always tiie case when the 
capacitive reactance is 10 or more times greatei’ tlian the resistance. 

9-6. Losses in a Capacitor. It has just been stated that capacitors 
cannot be built without some amount of lossc\s. Tlie losstvs of a capacitor 
may be divided into three groups: (1) leakage losses, (2) dielectric losses, 
(3) resistance losses. 

lA'ahagc Losses. If a ca|)acitor is connected to a source of d-c voltage, 
it will become charged, and when it is dis(a)nnecl.(Hl Ironi the soin ce it will 
still l)e in a chargeil condition. If the cai)acit,or wer[‘ a pei'fect one, tlu' 
charge would remain iiuh'hiiitelv. Actually, this condition is not achiirved 
la'caiise there will l)e a ^^o^^' of (‘lectrf)iis from the negative ir)lat(‘, through 
the dieli'ctric, to the positive plale. This flow of eh*ctrons thrt)ugh the 
di(‘hM‘tric causes heating ol‘ tin* dir'lectiic, tliough only slight, anil is classed 
as a loss I'Dinmonly called the IvnliUje loss. 7diis loss cannot be eliminated 
l)ecause there is no known perfiu’l insulator. 1(. can \)o kt;pt at it low value 
liy using a high-resisl anci' mat ('rial for tin* dii‘le(‘t i’ic. 'The quality of tlie 
dielectric may he det ermined from its value of insulation resistance. Mica 
and cerarnics have ('xcellent qualities and whi'ii usi'd in capacitors ju’oduce 
low leakage lossi's for the capacitor. Paper dii'lectrii*, (ai))acitors have 
higher leakage losses than mica and cei’ainic ca])ai*ilors, the amount of 
losses dei)ending largely upon the iiuality of p!q)er used. 

iJifierlriv Losses. If the terminals of a chaiged capacitor are connec,ted 
to one allotliei‘ nioineiilarily, tin* (‘apiacitor will bi‘ dischargi'd, as may be 
seiai hy connecting a voltmeter (o its terminals. If th(‘ capacitor is left 
disconnecti'd for a short time and again tested with a volt-meter, it will be 
found that it has some amount of chargi*, generally calk'd tlii^ absorbed 
charge. Tliis is Ijclieved to lie due to thi' fact that tin* dist,oited electron 
orbits do not return to their normal state iimnediati'ly. When the capaci¬ 
tor is connected to an a-c voltage, this (d’fi'ct becomes gn^d-er as the fre- 
(lueiicy of the powi'r source is increasi'd. At the higher frequenci(\s, this 
aiisorbed charge is lost and is called the dielectric absorption loss. Also, 
wlien a-c power is applii'd t-o the capacitor, the eh'ctron orbits of the, dieha*- 
tric are continually l)eing distorted in diffiu'ent direct-ions due to the re¬ 
versals of the a-c voltage, huiergy is requirc'd to change the electron 
orbits, and this energy is considered as a loss, commonly called the dielectric 
hysteresis loss, ddiese two losses, the dielectric absorption loss and the 
dielectrii; hysteresis loss, are generally trumbined and referred to merely as 
the dielectric losses. 

Resistance Loss. Tlie plati's of the capacitor, tlui conneidions to the 
plates, and the leads (terminalsj all ('arry the capacitor current, and all 
have some amount of ri'sistance. d"lie current flowing through this resist¬ 
ance produces a loss whicli is called the resistemcc loss. 
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(U)7nhirml Lr^v.s-. "i'ho elTiiet of these three losses, leakage, dielectrie, 
and resistanee, is usually eurnhined and called the ra-paciior lonsea. At low 
fre(iui‘neies the efTect is st) small that it is often disregardefl, but at higher 
frequencies it must la; considered. When the losses are considered, the 
capacitor may be trc^ated either as (1) a perfect capacitor connected in 
series with a pur(‘ rtvsistfji- f)r as (2) a perfect capacitor (‘onnected in parallel 
with a pure rt^sistor. The value of the capacitor should be the same as 
that of the actual capacitor, and the value of the resistor should V)e such 
that it will produce a i)hase angle fapial to that of the a(‘tual capacitor. 

9-7. Voltage Ratings of Capacitors. EJfrct of ]\>{ta(jc. In the study of 
capacitt)rs, it. was shown that the capacitance \'arios invers(‘ly with the 
thickness of the dielectric [i'a[. (t)-l )|. For this reason, thin dielectrics are 
usi'd in onhu- to g(*t the desired capacitance without making the capacitor 
too large. On the other hand, the dit‘lectric must have sufficient stiength 
to jirevent thi^ electrons from flowing through it. Tlu' choice of the dieha*- 
Iric material and its tliickness therefore has an important l)earing on the 
construction of the cajiacitor. 

When a voltage* is applit'il tr» the plates of a capacitor, it causes a strain 
on the (‘lectron orbits of the dielectric separating the plates. As the volt¬ 
age is increast'el, the sti'ain will l)e incr(‘ased, and it si‘ems natural to [‘on- 
clude that at some value* of vedtage the strain will be suffie*ie*nt te) eaiuse a 
l)re‘akele)wn. \\’h(‘n this ejce'urs, the* (‘lectrons iinel a path fiMuu erne plate 
to the other. This e‘ause\s a elischarge through the elie*leetrie*, usually in 
(he form e)f a s])ark, whie'h leiiins a small hede Ihrenigh the elie*lectrie*. This 
results in a i)ernianeiit ediange in the physical e’haracteristics of the dielec¬ 
tric, anel (he* e'a,])ae'i(or shoulel then be eliscareh*el l)ecause it is no longer 
usefid. 

Ih'i'aL’doini Iddtaijc. The ability to Avithstanil the strain caused by a 
voltage* varies with elilTere'iit materials. T\w voltage at which a material 
breaks eleiwn is e'alleel I he* hrvuL tfown voIIik/i'. Ti*sts are maele for the break- 
elown veeltage* ed' variems materials, and the results are arrangeil in tabidar 
form as in Appendix W. The breakile)wn ve)ltage is i*xpressed for a certain 
thickness e)f material such as one-thenisaiulth ed' an inch or one centimeter, 
'riiis value is alse) known as the ({ii lrctrir sirvuyth. 

VoUaifC Rniiiuj of Vapovitors. For reasons newv obvioiis, capacitors are 
rated for the maximum voltage at which they may be safely operated as 
well as feu' tiieir e-apae-it ance. The vedtage reiting is usually specified for two 
cemditiems; (1) the el-e* working vedtage, (2) the a-c weu'king voltage. The 
el-i“ working voltage will have a higher value than the a-c because the a-c 
line vidtages referreel to are elTective values. An a-c power supply has a 
maximum \'oltage value that is l.lll times as great as the f'lTective value 
(see Art. 7-t)). For example, a capacitor that is rated at 450 volts d-c will 
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have an a-e rating of 450 divided by 1.414, or 318 volts. The a-e working- 
voltage ratings are further redueed to aecoiint for: (1) non-sine-wave voh- 
ages, whieh may eause the maxiiniim voltage to be more than 1.41 1 times 
the eFfeetive value; (2) heating of the eapaeitor, whieli rethiees the dieleetrie 
strengtli; (3) operation at higher freiiuencics, whieh inereases the losses 
and heating of a eapaeit or. 

The working Amltage of v^ariable-type air eapaeitors must also be taken 
into eonsidpration. 1 his is done by the spacing of the plattvs. In radio 
reeei\ ers, this is not, of great imj)or(anee lieeaiise the voltages an* of moilr*r- 
ate values, 'rransmitt ing eai)aeitors olten have \a‘ry high voltages ap]ilied 
aei'oss their plates, and gi‘eater spacing is used. 

9-B. Capacitors in Series and Parallel. Voltnijr Distnhutwn of >S'rr 7 :r.s- 
’r;/jr7ri7er.s-. When tin* voKago rating of a capai'itor is less tliaii the 
voltage of the circuit to which it is 
to b(' connectt*d, it is possible to use 
several capacitors connected in se¬ 
ries for tliis condition. According 
to the principles of the series cir¬ 
cuit, the voltage; will divide among 
the series inemljers of tin* i;ircuit. 

When several capacitors are con¬ 
nected in series on an a-c circuit, 
the voltage will divide ainong tln‘m 
in proportion to tlu'ir capacitive 
reactances. For e.xample, three 10- 
microfarad capacitors connect(;d in s(*ries ai;ross a OOO-volt a-c powfw 
supply will have one-third of tiOO volts, or 2t)() volts, across ivach (;aj)acitor. 

When several series-fonnected capacitors are used on a d-c prjwer line, 
the voltage will divide in proportion to their d-c resistances. As the d-c 
resistance of capacitors varies considerably, the d-c voltage distribution 
will also vary considerably. For example, if two lO-microfarad capacitors 
with d-r; resistances of 30 and 10 megohms, respectively, are connected to 
a 000-volt d-c power supply, the a oltage distribution will then be " of 0(K) 
and of OfK), or 450 volts and 150 volts, r(;spectively. 

CapacUance of a S(ri(%H-c(mnccU'd Group. When two capacitors are 
coniK'cied in series, the combinefl capacitance Avill be lower than either 
individual capacitance. This is true because connecting them in series has 
the same effect as increasing the thickness of the dielectric. If two caj)aci- 
tors are connectetl in series as in Fig. 0-12, the electrons from plate A are 
transferred through the external circuit to plate I) and the orbital electrons 
of both dielectrics, F and f/, are under strains. The elTect is therefore the 
same as one dielectric of a thickness equal to the sum of F and G. 



I'li;. !)-l2. I'JTtM'l ()l two i‘!ij)iifiti)rs cori- 
iiofliMi ill 
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The crmil)inefl eapju-ilanee of eapMeila)rs eonncetcd in series may be 
found by the etiuation 


Ct 


1 


C, + c, + rv ‘‘*‘' 


( 9 - 9 ) 


Exfunph !) [). VVlint is thn h)l fil I Miirc*. rif a f.irciiit. f oiiUiininj; two 10-mirrti- 

faiMiI mill I \vi> 5-miiM urarjiil rapai-il i>r.s i-ijiiulm'IlmI inseriiis? 



(jiven: 

(\ = 10 
C 2 = 10 

c. = r> 
(\ = 5 


I’ind: 

Cr = ? 


Snlutif)!!: 


Cr = 


1 _L 2 1 

C, C> Ci c] 


JO 


1 + I 


1 

+ Ti) 


1 

-f- : 

10 


1 


-f 2 


1 

ji 

li) 


10 

0 


= 1.07 Mf 


two nipiiiil 1)1 s coii- 
lllM't l'll ill plU il lll'l . 


(Uiparitam'f' of a J^anillii-cofuirclrd Group. When 
several cMpaeitors are eonneeted in parallel, the eoin- 
bined i*ai)aeilariee will be greater than tlie hiji;liest individual eapaeitaiiee. 
This is true beeause conneetinK (hem in parallel has the same (‘(feet as 
ineieasin^- the area of (he plates. If two eapaeilDrs are eonneeted in 
parallel as in I'i^. 1I-13, the eleetrons from plates .1 and G are transferred 
throuy;h tlie external eireuit to plates B and I). The elTeet is tlierefore 
the same as one eapaeiloi* whose plate area is ecpial to the total area of 
the plates of l)olh eapaeitors. 

The eombined (‘apaeitanec of eapaeitors eonneeted in parallel may be 
found by the equation 


Cr = Cl + r, + Cn, etc. 


(9-10) 


ExainpU 9-10. WluiL is tlin Intal rapariiance iif a rirtaiit eontaining two 10- 
inicrofarail and two S-inierofaratl rajiaeit ors coiinentnd in parallL'l? 
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Soultion; 


Given 
Cl = 10 
Ca = 10 
C 3 = 5 
C 4 = 5 


Find; 

Ct = ? 


Ct — Cl -|- C2 + Ca + C* 
= 10 4 10 + 5 + 5 
= 30 Mf 


When eapaeiturs are ennneeteil in parallel, full voltaKi'. exists across each 
capacitor; therefoi'e eai-h must luive a vollage rating sufti(;iently higli to 
meet full line-voltage eoiuliliims. 


Capacifaincc befi^'cen 
adjac^.nf furns 



1 1 ^ - 1 -' ’ Capacitance 

j It" any turn and ground 

T' 'T' 'T' 

I L I 


I'li;. H-11. Disliilmteil of a eoil. 


9-9. Distributed Capacitance. Coils used in radio and television work 
are designed to ha\e a definite amramt of induedance. Hecause of the 
manner in whiidi the>' hiwv tri l)e consi ructed, all coils have some resistance 
and sonu‘ CM])acilanen. Goth lluvse fardors increase the energy loss of a 
coil, and it is therefore desirable to k(*ep the resistance and capacitance of 
Ihe I'oil at a minimuiu. The factors affecting the effeidive resistance of a 
coil liave l)een taken up in the previous chapter. How tlic distributcfl 
capacitance of a cf)il increase's this effective resistance and how it can Ije 
reduced will now be taken up. 

In tlie definition of a capacitor, it was stated that t^^ o conductors sepa¬ 
rated by an insvdator will form a capacitor and that if an a-c voltage is 
impressed across these two conductors, capacitor action will result. He¬ 
cause of this, any induidance coil will have capacitancesl)etween adjacent 
turns, capacitances between turns that are not adjacent, caj)acitances 
between terminal leads, ami capacitances between the ground and eacli 
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O 

o 

o 



turn (sDC Fig. 9-14). The amount of energy siorefl in any one of these 
eapaeitors is eriual to the product of its eapacitiince and the voltage existing 
between the coil turns involved. If an a-c. voltage is impressed across a 
coil, the greatest voltage will exist Ixdween the two ends of the coil, but 
there also will l)e a voltage between each adjacent turn or any two turns. 
For example, if 100 volts is impresseil across a coil having 50 turns, the 
voltage between any two adjacent turns will be two volts and between 
every second turn four volts, etc. The amount of voltage btdween each 
turn and ground will depend on how the coil is connetded in the circuit in 
respect to thi^ ground. Each turn is sei)arat(al from its adjacent turn by a 
small space which may be filled by th(' wire’s insulation or air. As the 
capatatance bf‘tween two conrluctors will vary inversely with tlie distaiuaj 
between them, the greatest capacitance of a coil will be l)et\\een two ad¬ 
jacent turns. The total effect ])rofluced by eacii of the capacitors can 
usually be represcaitiMl to a high degree of accuracy by assuming that these 

cai)a(‘it ()i*s can be replaced by a single ca¬ 
pacitor of an etpiivident* value, connecd-ed 
across the terminals of the [;oil (Fig. 9-15). 
This etiuiv^alent cai)a(*itance is called the 
distributed lupacitancv of the coil. 

EJJecIs of Distrihided Capariiwice. One 
effect of distrii)uted capticitance is to l)y- 
])ass a certain amount of tlie r-f cunents. 
ddie amount of current that is by-passed will increast' directly wit lithe fre- 
(luency. Tins can be st‘en by sul)stituting the inductance of the coil in Eq. 
(8-0), Xl = and the distributed capacitance in ]'a[. (9-3), Xr = 

1/27r/0. Idle inducti\'c reactance of the circuit will increase as the fre¬ 
quency increases, thus allowing less current to flow tlirough the coil, 
ddie capacitive reactance will decrease as the frequency incretises and 
will allow more current to flow through the distributed capacitance. 
At low frequencies, the effects of distributed capacitance are negligible 
and can be ignored. At very high frequencies, the distrilnited capaci¬ 
tance of a coil may be of greater importance tlitin its inductance, ddiis 
leakage of current through the distrilnited capacitance causes a loss of 
energy that will increase directly with frequency increase, ddiis loss in 
energy is equivalent to a resistance loss, and the effect produced is the 
same as if the elTective resistance of the coil was increased. 

Another effect of distribiileil capaidtance is the manner in whitih it 
affects the tuning cinaiit. It can be seen from Fig. 9-15 that the distributed 
capacitance is connected in parallel with the variable tuning capacitor, thus 
increasing the effective capacitance of the circuit, ddie distributed capaci¬ 
tance is a poor capacitor having a large amount of resistance. Increasing 
the amount of resistance in a circuit will decrease the amount of current 


I’li;. H-l.T. 'Plu' ilis- 

IriliiiliMl r'H|i!ii'iliiiii‘0 of a coil coti- 
.siilcriH .1 iis 11 r'ii|)iicitor i'l, I’oii- 
iilm'IlmI in luirallcl with llic 


oil. 



Art. 9-10] 


CAPAClrA^^CE 


331 


flow; thoreforp the resisttinee of the distributed caparitanee further inereases 
the ener|a;y loss. 

Distributed tapacitanee inuy sometimes prodiu’e aru)tlier {‘fleet. Tlu' 
distributed eapac'itaiiee and eoil form a parallel resonant eireuit, 3'his 
circuit will be resonant at some rather hifth fretiuency. At this frequency, 
oscillating currents will circvdate in the Avinding and distributed capacitors. 
This effect will be taken up in greater detail in the chapter on Itesonance. 

Mvihods of Ixvdvviny Distributed ('apaciiance. 33ie dislrilnited capai'i- 
tanee of a coil may be I’eiluced by using one or more {)f the following 
methods: (1) Increasing the length of the coil. This is true because it 
increases the distance betw een the coil ends or poinls of greatest voltiige. 
(2J Decreasing the diiirneter of a coil. This inert'ases the niimber t)f turns 
j-erpiired arnl {lecreases t he volt age betwj'i'ii t urns, t hus di'creasing t he 
ilistril)nted capacilain'c of (lie coil. (3) Tsing win^ whose insulation has a 
low dielectric constant. The capacitance between two coinluctors will 
vary directly with the value of its dieleclric const aid. Air, Avhose value is 
one, has the loAvest constant. A coil wouml A\ ith l)arf‘. Aviie Avill therefore 
have the least distriliuted capacitance. Cotton is next, them silk; enamel 
is the highest. (1) Decreasing the size of wire useil. This will ih'creasc' 
the surface anai of ('ach turn, thus ilecreasing th(‘ (listrilnded capacitanc(‘. 
How(‘vei', decreasing the size of th(' wire A\'ill also increast‘ its I’esistance. 
(5) Tsing a cor(‘ with a low dielectric constant. The lowoi’ the di(‘l(*ctric 
(‘onstant of the form on which a coil is wound, the less AA'ill be its distributed 
capacitance*. Dry paper or cardboard is b(‘st fi'om this standpoint. Hake- 
lite has a liiglu*!' ilieh'ctric constant and incri'ases tlie distributed 
capacitance. 

9-10. Electrolytic Capacitors. ]*rineiple of Eleeirolytie (UipaeUors. An 
electrolytic capacitor consists of two metallic |)lates separat(*d by an electro¬ 
lyte. From the description of the action and construction of capacitors, 
it Avould set'in that tlie purpose of the electrolyte is to act as the dii'lectric 
or insulator. This .supposition is inaccurate l)ecau.se the (^ler-trolyln is not 
the actual {li(‘lectric material but is the negative electiotle. The dielectiic 
material consists of an extremely thin oxide film Avhicdi is foimed on the 
surface of the positiA e capacitor j)lal e. A peevdiar characteristir* of alumi¬ 
num and a fcAv other metals is that, Avhen they are immersed in certain 
electrolytic- solutions and a current is passed through the metal and the 
electrolyte, a nonconducting film AA'ill t)e foimed on the metal. This action 
can be illustrated by the following experiment. 

Action of Electrolytic Capacitor. Taao ahimimim plates are immersed 
in a suitable electrcjlyte, as shoAvn in Fig. 9-10. 31iis arrangfiment is noAA^ 
connected in a d-c circuit so that current Avill pass from one plate to the 
other. When the circuit is closed, the current AA'ill be A^ery high and AA'ill 
taper off until there is very little or no current flowing in the circuit. This 
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ac;tinn is due to a process tailed forming, wtiieh means that an insulating; 
film is heiriK formerl on the surface of one of the plates. If the electrodes 
are aluminum, this lilm will always form j)Ii the plate connected tf) the 
fiositive teirninal. ddu* formation of this film rm the plate retards tlu‘ ^o^\ 
(jf current. If the polarity of the voltage applied to the terminals is re- 
ver’sed, the film will ff)rm on the opposite plate and current Avill flow in llie 
circuit until this forming; pro(‘ess is sufficient to build ii]j a large enough 
I'esistance t.o l)lot:k all curnait flow, rioin this exjieriment, \vv (‘an s('e that 
the film at'ts as an insulator only as long as tlie same polarity used in fonn- 
ing is maintained on its terminals. This principle of oiu^-way currt'nl 
conduction was used foi- years in the electrolytic rectifier, previous to its 
application to the construction of caparitors. 


,Terminals, 



-h 



. Alurninum 
(Posii/vc p/(ihp 

.'T/vn oj</dc Fi/m 
(Dielectric) 

Electrolyte 
(Negnntive plate) 


I'Ki. ('niistrui'l iun of .simple elcM.'- I'lu. 1)-17. ('Diislriir'titm of .'i .simi)l[* nlr'ctr-f)- 

lrij|> lii; ejumcitor. lytii- ciiparilur fur rlircn-l [‘iirreiit. 


/Vzchn.s AJj'crfinf/ (hr CapnciUnirr. The (‘aizacitance of the electrolytic 
capacitor defiends on (I) the aiva of the plates, (2) the thickne.^s of the 
dielectric, (3) the dielectrii* constant. By means of an (dectrocluanical 
etching jirocess, the elTecti\e aica of the surhice of the filates i*an Ik' in- 
criaisfMl williout increasing its physical dimensions. IClectrolytic capacitois 
using etched plates can be inad(‘ considei’ably snialh'r than a cafiacitoi- of 
similar capacitance using .smooth plates. Hecently, a method has been 
(h'veloped furtlier to i-educe the size of electrolytic capacitors. .Vn alumi¬ 
num plate, known as a fnlyriratnf platr, is foiined by spraying molten 
aluminum on a special carrier. The effective surface area of a plate is con- 
sideraidy increased b>^ using this method. 1{educing the physical size of a 
capacitor by reducing the physical dimensions of the plates by eitlier of 
the two methods explained does not generally affect the useful life of the 
capacitor. 

Dirlrcfric. The dielectric used in eleeti’olytic capacitois is the oxide 
film formed on the surface of the positive electrode. The thii'kness of this 
film will depend on tlie. material used for the plates and the amount of 
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voltage vised in its forming proeess. The higher the applied voltage, the 
tliicker the film becomes ami the lower v ill be llie resultant capacitance. 
The maximvim working A’ottage of an electrolvtii‘ I'apat'itor must be less 
than the voltage used in its forming process. If this voltage is exceeded, 
the thickness of the oxide film will be increased and the capacitance of the 
capacitor will be reduceil. As long as a capacitor is operatcMl on voltages 
less than that used in forming, the tliickness of the oxide film and the 
capacitance will remain I'onstant. 

Formitu} Volianv. Tlie maximum \a)itage that may lie used in forming 
will depend on the electrolv I e used. (-oncentrat ions of boi-ates, phosphates, 
citrates, silicates, eh'., of sodium or ammonia dissolvtal in uater are used 
in making elcctiolytic s<iliitions. Acid electrolytes ai’(‘ not used because of 
the corrosi^'e projiei ties of acids. Solutions of liorax ait' list'd extensively 
liecause of tlii' high \'olt.iges that Iht'y can withstand ainl bei'ause of their 
noncorrosive properties. ()xidi‘ (ilms formeil by using aluminum iilates and 
a liorax (sotliiim tetraborate) solution will withstaml as much as ISO ^a)lt,s. 
Inasmuch as the thickness of Iht' oxide (dm is determint'tl liy the voltage 
used in forming, the capacitance t)f a cajiacitor will tle|)t'ntl on this voltage, 
whit!h in turn is ilt'pendi'iit tin the material of the plates, tiie electrolyte 
usetl, and the surfact' area of t*ach plate. 

Svlf-hcdluuj Cluirnc(vrif<tii\ Tin* oxidt' film foimt'il on the surface; of a 
plate is vt'iy thin, usually h'ss than ().()()()()I inch. Sinct' this tliickness is 
only a fraction of tlm thickness of any otlier ilielt'ctric, of similar voltiige 
rating, large ca,]iacitanc(‘ may bt' obtained in a small s|iace. Wht'ii the 
vtiltage a|ij)lit'd t'xcet'ds the maximum critical voltagt' that the electrtilyte 
can w ithstand, t he t hin oxide film w ill bc' punctured. This causes a short 
circuit betwef'Ti its terminals. When tiu' applied voltagt' is rernoveil or 
reducfMl to a value h'ss tlnin its maximum ci itica.1 vollage, tiie break will be 
mt'iided by the formation of a new insulating film. This self-healing char¬ 
acteristic of eh'ct roly tic (*apacit ors is anothei- advantagt^ they have in 
comparison Ai’ith caiiaciturs using papei' dit'lt'ctrics. Momentary ovta-- 
voltages applied to cajiacitors using paper as a dif'lectric will generally 
cause a permanent lireakdtiwn. If a momentary ovt'rvtiltage is applied to 
an electrolytic capacitor, its film gives way while the suigt' lasts but wdll be 
restored as soon as the excessive' stj'ain is rt'inovf'd. d’hi'rt'fore temiDtirary 
excessive voltages Avill rmt permain'iitly destroy the dielectric insulation. 

The capacitor shown in Fig. O-It) is suit aide for use in a-c. f-ircuits 'as it 
w ill not allow' the flow of f'lei t ricity liirough it in father direi'tion. In radio 
Avork, electrolytic capacitors are grmerally used with direct or pulsating 
currents whicli flo not re\’t'rsi' polaiity. In such circuits, a capacitor whose 
terminals have a fixed polarity (Fig. !)-17j is used. This capacitor consists 
of an aluminum plat e to form the positive electrode, an electrolyte to form 
the negative electrovlc, and an oxide film as the dielectric. In order to 
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make a rM>nnf‘etiori to the eleetrolyte, an inaetive plate is used. This plate 
serves nuaiOy to make an electrirail eonrieetion from the sfdution to the 
negative side of tlie eirr-uit and has no eapaeitf)r aftioii whatever. It is 
impossihh' f(jr the elef l rir* ran rent to pass from tlie aluininiirn to the electro¬ 
lyte; therefore t his type of eapat-itor provides the necessary insulating effect 
as long as the f)ositive sitle of t he circuit is connected to the positive terminal 
(aluminum pi ate j. 



Fn:. P-lS.- f'rnss-stn'lioiitil vii'\v sli[)\viiiK llio pi)iislriiraif)ii of a rnininprciiil wpl-rlrptrolylir 

l■lll)JlPitl)^. 

9-11. Wet and Dry Electrolytic Capacitors. Ci)}\fitr}iiTion oj ITr / ERrc- 
tnilyliv Viiparituvf^. t]leclrolytic capacitors may he either wet or dry and 
consist of one or more metal electrodes immersed in an electrolyte enclosed 
hy some suitid)le I’ontainer. The electrolyte used in wet electrolytic 
capacitors is idways in lirpud form, and the container must V)e made leak- 
proof. In practically all commercial capacitors, the container also serves 
as the inactiA’e electrode, since it makes direct contact with the electrolyte 
anil is usually made of cop)per or aluminum. The positive tdectrode is 
generally made of aluminum, and a number of different methods are used 
to increase its .surface area. Some of these methods are; (1) concentrically 
winding a thin sheet of material; (2) using a combination of a hollow and 
coiTugaled material; (3) a combination of crimping and corrugating of the 
electrode. These types of construction are known commercially as the 
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coil type, accordion-pleated type, corrugated type, helical type, and radial 
type (see Fig. 9-20). The solution fills up all the empty space so that a 
large active surface area is ohtaiiieLl. The stem of the positive electrode 
is brought tlirough a tight-fitting hole in the (‘over and acts as tlie positive 
terminal. It is usually tlireaded to receive temiinal nuts for attaching the 
connecting Avire. The container forms the negative terminal, ami its con¬ 
nection is usually made lyy mounting it directly on the chassis, aaIucIi is 
generally the common negative terminal of a radio set. A shield of insidat- 
ing material is placed between the positive platen and the cont:iiner to pjt*- 
\ ent an acr’idental contiict (‘ausing a slun’t ciiaaiit. riiis shi(‘ld is generally 
made of a sh(*et of celluloid that has l)(‘en perforated t-o permit circulation 
of the electrolyte. In ojiler to pievtmt tlu' electrolyte from leaking out, 



t’lO. !)-] L).- Cuj]iiiiL*ruiiil capar-il rn'-s. (/*. R. Mallnry it: fV*., Itir.) 


wet electrolytii! capacitors should always be inountefl in a vertii;al j)osition. 
The construction of this type of capacitor is shf)wn in Fig. 9-18. 

(\mstruviion oj Dry Electrolytic Capacitors. By use of a jellylike eh'ctro- 
lyte, electrolytic capacitors can be constructed in a dry fonn. 'Fhey are 
considered dry in the same sense that dry cells are consirlered dry, that is, 
b(‘cause the electrolyte cannot be .spilled or poured from its container. 
Dry electrolytic capacitors provide liigh values of capacitance in relatively 
small dimensions and are the most ectjnomical type for many applications. 
Most of the electrohTic capacitors used in radio are of the dry type. In 
general, a dry electrolytic capacitor c.onsi.st.s of a positive frjil, a negative 
foil, and a separator containing an electrolyte, which art* all A^ ounrl into a 
roll and pnoAuded Avith means for electrical connection, housing, and mount¬ 
ing (see Fig. 9-21). 
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Tlie positiv(i foil, usually madn of Mluminuni, is subjecterl to a special 
clcctroclienncMl forming process wliicli (■ompletely covers it with an ex¬ 
tremely thin oxide (ilin. Tlie nature and tliickness of this tilm will govern 




Accordian pleated type 



Corrugoited type 




Radial type 


Fii;. n-20. - Typi'-s of PDiistrur-Uoii u.spd for the posilivo plDPtrodo. 


its voltage and cjipacitance per unit area. The separator is made of some 
absorbent material, usually gaiiz.e, paper, nonlilnous cellidose, or various 
combinations of these; it serves to hold the electrolyte in position and keep 
the positive and negative foils from making physical contact. The electro- 
lyti' consists of a chen\ical solution essentially similar to a diy paste and 
seiwes as the negative electrode. In addition, it tends to maintain the film 
on the positive electrode. The negative foil, generally aluminum, is usually 
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unformed and acts merely as a means of making contact ^vith the electro- 
l 3 "te, wliieh is the negative electrode of the capacitor. 

The earliest capacitors used plain aluminum foil tor the positive plate. 




Pos/hV^ Bakefife 



• ‘^-—-0a6kef >- j j 

Negahve ferm/na! Ccfr/ric/ge 

and mouniing sars ^ 



Fill. 0-22.— Construr'tirjii of :i fabrieotorl-tA'pe flry-C'lfrtiolytir j'ujjaoiior: (a) Internal KOii- 
structiou, (!/) [ rjiiijjlflp r aijacil or. iP. H. Mallory <fr Co., Inc.) 

Later on, an etching process was developed for rougliening the surface of 
this foil, thereby increasing its effective area. TJie increased area gave 
increased capacitance ranging from 2.75 to 1 at high voltages to roughly 7 
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to 1 at low voltages. With a spneial fabricated plate (Fig. 9-22), the area 
was further increased; capacitors using such a plate have a normal capaci¬ 
tance ratio, as compared with plain aluminum foil, of 10 to 1. Ratios of 
20 to 1 or higher are possible under certain conditions but are not used at 
present. Figure 9-23 illustrates the comparative size of a capacitor using 
the three different types of plates discussed. 

Capacitor Elocks. A great many 
capacitor applications require or permit 
s the negative terminals of the various 
|l sections to be ganged together and 
L connected to one common point in the 
circuit. Since the electrolyte itself is 
the negative electrode in all electro¬ 
lytic capLicilors, it is obvious that 
I 11 sc‘veral positive electrodes could be in- 

I I I eluded in one crmimon electrolyte. In 

I i I Ij actual production, this type of unit c.on- 

II I I sists of one long negative foil and the 

I required number of positive foils laid 

I end to end anil arranged parallel to it, 
III ^111 I which, together with the proper sep- 

FABRicATiD ^ uTators, ai'c rolled into one complete 

PLATE ETCHED PLATE PLAIN PLATE uiiit (see Fig. 9-21). lOacli positivc 

Fuj. Foiiiparaiivn size of iiiaiii-, foil is provided with a positivc ter- 

(P. R. Malhru -li* ('r,.. Inc.) C are IS taken to see that sui- 

ficient space sepuirates the ends of eardi 
ITositive fnil to prevent a short circuit at these points. Capacitors so con¬ 
structed are entirely satisfactory electrically and mechanically and rep¬ 
resent an appreciable saving from a production-cost standpoint [)ver a 
similar comV)inatinn of individual capacitors. 


PosifivG^ 
pforfu i 


. Common 
negative 
^ plaf^ 


■ PosiHve 
p/af^ 


Separator ' 
and 

electrolyte 


"Positive 

plate 


-A capai’itor bloL'k with a rommon negative and thrpt* po.sitivE? plates. 


Types oj Containers. Dry electrolytic capacitors may be housed in 
cardboard lubes, cardltoard cartons, and round or rectangular metal cans. 
Various types of mounting features are available, and eitlier soldering lugs, 
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screw terminals, or flexible leads are provided for external connections (see 
Fig. 9-25). Tn order to control the quality of a capacitor and at the same 
tim(‘ reduce its cost of manufacture, the shape and material of \\hi(‘h the 






faJ-Corfon type 




rc>Round metal type 


Fii;. N'liriijus furms uf Llr>fiipiirilurH. [J\ I{. Myiilftvy tt I'd., 7/if.) 


(‘ontainer is made liave boon standardized. Pract ically all dry electrolytic 
capacitois fire now constructial in round containeis. In the ))eiter (juality 
caiiacitoi's, tlie containei- is always niadi‘ of metal. As tlaoe is no ilanger 



Fit;. 9-2li.—Typns of ainall dry-elr-rtrolytif tubular l•^l|)af■ilrJ^.s. (/'. li. Mallory A Co., Jnc.) 


of the electrolyte leaking out, dry electrolytic (capacitors may be mounted 
in any position. 

9-12. Electrical Characteristics of Electrolytic Capacitors. Comparison 
of Wet and Dry Typ^s. The electrical characteristics of dry and wet elec- 
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initial (•urroiit is relatively high as lurnparecl with the noiTnal leakage 
euirt^nt, ))ut it should drop tpiiekly at first and then more gradually until it 
rea(du!s tlir* normal leakage valu(‘. 

I*ovmr /'V/r7,or and Kffuivalenl Svrivii HcsistancA'. The power factor of a 
capacitor for all practical purposes is the ratif) between the etiuivaleiit series 
resistance and th(‘ cai)acitive jeactance at a given fretiueiicy. It is ex- 
j)ri‘ssed in per ciait and indicates mainly the am faint of eneigy consumed 
by the capacitoi’. 

ddie ef|uivaleiit series resislancf' may be used as a comparative char- 



A - Rfvef confaci resistance 
B - Electrolyte confact resistance 
1 - Series resistance of piate and 
lead wire assemblies 
2- Dielectric toss of positive fiim 
J- Series resistance ofeJectroIyfe 
4 ■ Parallel leakage resistance 

I'm;. !C2S. I'lirLm s ufTfrlini: tlii‘ iMiuiviili-iU serio.s ro.si.sfuii i-l* «>r ;i dr\-ijleL'trijlylir ctipanitur. 
(/'. li. MaWnrxj iC Co.. Jnr.) 

acteristic similar to power factor. It is more generally iiseil for calculating 
purposes and has l)een found j)referal)le to power factoi'. The Ofiuivalent 
si‘rii‘s resistance represents the total los.^es in a capacitor divided by the 
sfiuare of the current flow. It is due to (1) ilielectric loss of the oxide him, 
(2) contact resistance, (3) electrolyte resistance, (1) insulation resistance. 
These factors are il lust rat etl in Fig. l)-2S. Because of the nature of an 
electrolytic capacitor, it would be ililficidt to ascertain accurately the value 
ol all these losses separately. The combimal elTect of these losses is ex- 
liressed as the eiiuivalent resistance required to produce an I-JI loss of the 
same magnitude. 

Imprdanrv nnd Tvnipcrature CharactrriMics. The value of a low imped¬ 
ance characteristic at high frequencies is becoming more impoitant with 
the development of efficient all-wave portaV)le and automobile radio re- 





Art. !)- 13 ] 


CAPACITANCE 


343 


ceivers. It is possible' to obtain dry electrolytir: raparitors having a r-f 
impedanoG low onough, at 10 or 20 megaryolGS, to assist in tl>e snpprossion 
□f vibrator noisp or other high-freqvipncy distiirl)anpes in rertifier eirfviits. 

Temperature is an important consideration from an application staml- 
point as it is closely relatt’d to all the characteristics of a cai)acitor. In 
planning the location of the capacitor with respect to other component 



9-20-— ( ’iipucilor :inalyzi'r (*S()?ar ManufarlHrin^) CfiTjmratinn.) 

l)arts, serious consideration should be applied lo the capiicitnr’s proximity 
to transformers, tubes, and high-current resistors beraiuse [)f the usual tem¬ 
perature rise involved in these crmiponents. 

9-13. Measurement of Capacitance. Mdimh VmL The method of 
calculating capacitance from the physical characteristics of a capat-itor has 
been discussed in Aid. 0-2. It is often desired to detennine the capacitance 
of a capacitor, but some factor required for calculating the capacitance may 
not be readily obtained. In such cases, it becomes necessary to measure 
the capacitance of the capacitor. There are two methorls availalile for 
measuring the capacitance of a capacitor, namely, tlie crjinparison method 
and the impedance method. 
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Comparison Method. The comparison method involves the use of a 
standard capacitor and some form of bridge circuit. The circuits involved 
and the theory of such l)riflge circuits may be obtained from Arts. 6-17 and 
6-18 and also from the references at the entl of this chapter. There are a 
number of commercial bridges available for measuring capacitance, one of 
which is shown in Fig. 9-29. The use of such a bridge is not very difficult, 
and quite accurate results may be obtained. 

Impedance Method. The impedance method involves the taking of volt¬ 
meter, ammeter, frequency, and wattmeter readings of the capacitor Avhen 
connetited to an a-c power source. The capacitance may then be calcu¬ 
lated by use of Kqs. (2-14), (8-9), (9-4), (9-7), (9-8) as illustrated in the 
following example. 


Exaw-ph 9-11. It is desired to determine the eapacitani-e of a eaiiaeitor by the 
impedanee method. The capacitor is coniicctod to a circuit as shown in Fig. 9-30, 
and the following meter readings are obtained: voltmeter 110 volts, ammeter 0.415 
ampere, wattmeter 1.5 watts, frequency (K) cycles, (n) What is the capacitance of 
the capacitor? (b) What is the pow’cr factor of the capacitor? (c) What is its 
angle of lead? 


Given: 

E = no 
7 = 0.415 
P = 1.5 
/ = 60 


Find: 

C = ? 
P-F = ? 

9 = ? 



Fig. 9-30. 



I 


Capadhr 
■j' fub^ 
mGdfsureot 


Solution; 

(a) Z = -^ = ^ = 265 ohms 

7 0.415 


P_ 1.5 
7=^ “ (4415 X 0.415 


8.72 ohms 


A'c = - 8.723 

= V7b72^“l^ = \/7(bT49 


= 264.86 ohms 


C 


10 «_ 

2irJXc 

10 * 

6.28 X 60 X ^4.86 


10 » 

100,000 


= 10 Mf 
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( 6 ) 


(c) 


R 

P.F = - 

8.72 

= o.-. = 0 ^^ 32 !) 
265 

0 = 88 ilcgrei's 


Voliineitr-ammcier AUilmL ^Measuring the capaeitaiiee of a capaeitor 
l)y the impedanee method involves the use of two meters tliat are not 
ordinarily found in most shops or laboratories, namely, a frequently meter 
and a low-reading low-power-faetor wattmeter. A tjuie.k, yet practieal, 
method involves the use of just an ammeter and a voltmeter, two instru- 


Swifch A 



Capac/hr 
A? be 

measured 


rii;. 9 - 31 . Iinjjcdantw iiitithoci of tletorniiiiiiig [•ii])urilaiirn: (a) voltinotor-nminctpr iiiptliod, 
[h) voltinctLM-amiiiL’tcr ineLlioii iiifluiiiiig a neon lamp to iesl for a sliorl-pireuiled eaparitur. 


ments usually found in most laboratories. In its simplest form, the cireuit 
in Fig. 9-3Itt is employed. This method does not take into consideration 
any series etpiivalent resistance that the capacitor may have, and it alstj 
assumes that the impedance of the ammeter is zero and that the frequency 
of the line is known. For these conditions 

C =-- J [from Eq. (!)-())] (9-11) 

ZTVJEj 

The error involved in using this equation (due to ignoring the capaci¬ 
tor’s resistance) is generally very small, and therefore this method can hv 
used for a quick check on the capacitance of a capaeitor. 

When measuring capacitors, care should be taken to determine whether 
the capacitor is short-circuited before connecting it in series with the 
ammeter and the line. If a short-circuited capacitor were connected to a 
circuit similar to Fig. 9-3la, it would probably cause the ammeter to be 
damaged. A test for a short-circuited capacitor can be included by con¬ 
necting a neon lamp and a single-pole switch in the circuit, as shown in 
Fig. 9-31/j. The switch A is left open, and if the neon lamp lights, the 
capacitor is shorted and no further test should be made. If the lamp does 
not light, then the capacitor is not shorted and the switch A may be closed 
and the capacitor may then be tested for its capacitance. 
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Exfimplc 9-12. It is flrisirRfl to rletermine the eapaeitanen of a eapaeitor using 
the voltiiiettir Miiiiiietrr luetlioiJ and the eircuit shown in Fig. 9-31. Tlie volt¬ 
meter reads three volls aiirl the ammeter nine iiiilliaiii])eres. What is thi; capac- 
itaiiee if the rretjuerify is f>0 eyries? 


Solution: 


Given: 

E = 3 volts 
/ = 9 ma 
/ = 60 ryelea 


0.009 X 10“ 
6.2S X 60 X 3 


J"ind: 

C = ? 


Capaa/or /o be 

rncct^ijrcJ 


ICli‘ctr\ilyiiv ('apavUorH. AIIIuhikIi mu iipproximato value of the eapaei- 
tanee of an elecl rolylie eapaeitor ean he ohtainerl ijv using tlie iinpetlanee 
methods just, d(‘sciil)ed, it is prefei'ahle (o lest tins type of eapaeitor 1)\' 

using an a-e voltage of either (iO 
CapiK.'for fooe jjj. 120 cyfdes, not lo he in exe.ess 

.... , dr , ffn'CfCj Ci'F • ' 

^ _ I ' I of the maximum rateil i-ipple \a.)lt - 

“.. .. I ^ age, plus a d-e polarizing voltage 

—, eipial to (he rat(‘d op('raling volt- 

.- ' ^ -^ age. 8ueh a eireuit is shown in 

____J ' I"ig. 0-32. The eaiiaeititr C\ is 

used to hy-pass the pon er paek 
and shf)uhl he as large as possible. 

I PoiVcrpaclX n-C , ml,irizm„rnll„a,' I'illliU'itOr f 'j .sIlDUld l)t' of oil 

l__-()i- wax paper ami of sueh a v alue 

.'"'IMMhinr,. .,1 ,l,.U.r„,ini„t nrovillo !l I CllCl iint'C wllicll 

u.siiijr ;i \v;il tiiii*K*r. ;i viilliiii'tiT, iuilI ' 

Jill Mriiiiii'ior. is small [■ompared wilh the iTvsisl- 

anee of tin' voltmeter. Headings 
should he takiMi on all thna* instruments simultaneously. Tlie desired 
ipiantities may then ht' founil hy tin* etpiations 
Caipaeitanee 


I Poiv crpack^ O-i' imlarizinif 

I'Ki. - IiiiiuMljincr iiii'tliiiil i»l ilrlrrniiMiiin 

i‘;iptii'il;iiifi’ u.siiijr ;i \v;iUiiii*K*r. ;i vullini't it, iuilI 
Jill MrilMIl'UT. 


Equivalent series resist ai 


Power factor 




[from Eq. (2-14)] 


r-F = 


( 9 - 14 ) 
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Thp simplifiod fomiula for ihv eapiicitMiiiT, C = 2Trfl] [l^a]. (l)-l 1)], 
can be used if the equivalent series resistance is nej^iected. 

Uses of Capacitors. Properties of Papontors. Fnnn a practical 
standpoint, a capacitor has tlif' ])roperty to stoi'c elf'ctrical energy in tlu* 
form of an electrostatic char^i;e. Tin' capacitor can bt‘ conneded in a cir¬ 
cuit so that this storetl energy can be made ti) ihnv in a desired [Mreuil. 
Three important characteristics of capaciloi's are as fo]h>v\’s: 

1. A capacitor tloes not j)rovide a path for direct cunent but thu's pro- 
\dtle a path for allernatin^ current. 



2. When a cajiacitor is used in a-c circuits, its reactance is (‘xpressed in 
ohms and Agarics inversely with the fref|uem*y as\vi'II as w itii t iie cai)acitam‘e. 

.3. When a capacitor is used in a-c circuits, tlnae is a time-phase difler- 
ence between the current and the voltage. For a perfect, capacitor, t.lir* 
current \\a)uld lead the voltage by 00 electrical rlegrra's. 

The various applications of capacitois can now br‘ tilassilied according 
to which of the three charaet(‘ristics are to br‘ utilized. 

1. In th[‘ first group of applications are those whicli make use of only 
tlie first characteristic. These iiicluile (a) coupling caj)ai“itors, (h) by-pass 
capacitors connected across Ijias resistors or voltage dividers, (c) capacitors 
usefl in the plate, screen, and grid circuits. 

2. In the secoml grouf) of applications are those whicli make use of 
characteristics 1 and 2. ddiese applications include all the capacitors used 








essentiai-s 



(AiiT. 9-lA 

electbici^’’' 
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Fig 9-34 — T^g Mews «5ho^^ing part" u^ed in a radio recener (al top Mew (b bottom Mew iPhilcc (orzwratvon ) 
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whore frotjuoiujy (li.soriminalion is rlesirerl. The oommon tone-control and 
the simple resistor-capacitor filter circuits are examples of this classification. 

3. In the third ^;roup of applications are those which make use of all 
three characteristics, for example, capacitors used with an inductance and 
in tuned circuits. 

Radio AjyplicaiioHH. In order to understand the purpose of each capaci¬ 
tor used in a radio receiver, it is necessary to have a thorough knowledge 
of radio as well as an electrical knowledge of radio circuits. However, the 
purpose of th(‘ various capacitors in a rarlio receiver can he consitlered in 
terms of llu‘ classifications just deserihed. 

V'igui e 11-33 is the circuit diagram of a typical superlieterod\ne receive'!’ 
with each of its capacitejrs indicatefl hy a number, ('aj)acitors 4 tfj 21) anti 
31 and 32 art' applications listed under group 1. There are no capacitors 
ill this circuit that woulil he lister! uniler group 2. Tlit' remaining capaci¬ 
tors, 1, 2, 3, 27, 2S, 211, 30, 33, 31, and 35, are all classified under gi fiiip 3. 
The f till owing table gives a further classification of tlie capacifors ami tht'ir 
application to the circuit. 


('aiiaoitors Appliral i dii 

1, 2, 3. Tuniiin rapatMtiirs 

'I, T), 0, 7. Dia'oiipliiig n/iparilors 

S, !1, HI, 11, 12. (’allnalp-resislor l)y pjuss i“L4,))ai!itor,s 

13, PI, 15. Kilter cajiatitorK (powL'r supjily) 

10, 17, IS. Scriaai-griil iiy-pass capacitors 

111, 20, 21, 22. Plate circuit Ijy-pass capacitors 

23, 21, 25, 20. D-c Plocking capacitors 

27, 28, 29, iiO. Ailjustablc capacilors in i-f amjililicrs 

31, 32. Automatic-voluiuc-control filter 

33 . . Series capacitor in oscillator circuit 

34 . Trinmier 

35 . Pail tier 


The capacit ors used in the circuit of Fig. 9-33 are represented hy their 
symbolic representations, as is common practice in preparing siudi diagrams. 
In order to associate the symbols with the actual parts, refer to Fig. 9-31, 
which is a ])hotograph of a receiver showing some of the capacitors in the 
form in which they actually appear. Figure 9-34 is not for the same 
recei\ er as lug. 9-33 and therefore has a different numl)er of CLipacitors. 

TvUvimin Ciremif^. Since a television receiver lamtaiiis many more 
tubes than a radio receiver, it also contains many more capacitors. The 
variable capacitor is seldom used in television receivers as it is impractical 
to employ this means of tuning for the high-frec|upncy range used in tele¬ 
vision broadcasting. Adjust aide capacitors are used in both the sound and 
I)icture i-f circuits. Fixed capacitors are used for by-pass, coupling, de- 
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Fmipling, and timing in high- and low-voltagr and high- and low-froquency 
circuits. 

Mica and ceramic capacitors are ordinarily used in high-fretpiency cir¬ 
cuits requiring a capacitor with a low dielectric loss, practically no iniluct- 
ance, and a very low temperature coefficient in oriler to prevent fi’equency 
drift. Mica capaciturs ari' generally used in tlie high A'oltage circuits, 
although paper capacitors Avith d-c ralings of 3(KX) and tXXlO volts are also 
available. 

The low -voltage poAver supply must ho designed so that the hum level 
in the output AMiltage is kept at as low a. level as is pract ir-able, since a hum 
that might be inaiulilde in a radio receivi'r luiglit cause an appreciabli' 
amount of rlistoition in tlie visilih' iiictiire. "Flie jiow ei- supply must also 
be tlesigned so that it will haAa‘ goixl A’oltage ri‘gulation chjiracteristics in 
onler to prevent Aairiations in A'oltage in the nunua ous circuits from inter¬ 
fering with ('acti other and w ith the picture. J iltining is therefoi’e finite 
extensive in the low-A ollagi* power supidy, anti a large number of higli- 
value capacitf)rs are generally used. The large amount of liltei’ing also 
serves to jiievtait any undesirable coupling between tlie many different, (*ir- 
cuits supplied by the one piwver sujiply. I01(‘ct roly tic capacitors of th(‘ 
single and mult qile types are usetl for liltering in these circuits; commonly 
us(‘d ralings are of 500 to 2500 microfarads, with a working voltage of 3 to 
0 volts d-c, and 5 t o 200 microfarads, with a Avorking voltage of 25 io 450 
volts d-c. 

Elcctromr. Cinmit.s. Industrial electronic, ciriaiits are quite similar in 
principle to those used in radit) and telcA’ision. Capaf‘itors are used in 
these circuits to seiw e tlie same purposes as in radio and television circuits, 
riie Aailue of f'apacitancf' and the type f)f capacitor usetl will be tletermined 
liy the particular circuit lefpiirements. Although many industrial elec¬ 
tronic circuits use capacitors Avhose capacitance, voltage, and current rat¬ 
ings are similar to those used in rarlio and television, there are also many 
circuits that retpiirc capacitors having much higher current ratings. 
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QUESTIONS 

1 . Define capacitancR, capacitor. 

2. Explain the cause uf capacitance and its effect. 

3. Descrilie tlie action of a simple capacitor, in terms of the electron theory, 
during its period of charge. 

4. What are the two important characteristics of ca])acitor action? 

6. Descrihe the action of a simple capacitor, in terms of the electron theory, 
during its period of discharge. 

6. Describe capacitor action wlien alternating current is applied. 

7. (ft) Define the basic unit of capacitance. (6) Define microfarad, micromicro¬ 
farad. (c) Which units are generally used? 

8 . Name and explain how the various factors affect the capacitance of a capacitor. 

9. Where are oil dielectric-typi; capacitors iLsed? 

10. What are the advaiitagtis and ilisadvantages of mica dielectric capacitors? 

11. Define the classifications of small, medium, and large mica capacitors. 

12. Why are two thicknesses of paper used in place of a single thickness in the 
manufacture [)f paper capacitors? 

13. What are the advantages and disadvantage's of paper dielectric capacitors? 

14. What is the objection to the use of paper capacitors in high-frequency 
circuits? 

16. What arc the advantages of ceramic capacitors? 

16. Wliat materials are used in making ceramic capacitors? 

17. What are the essential parts of a varial)le capacitor? 

18. What factors affect tlie resistance of a variable capacitor? 

19. IIow is the resistance of a variable capacitor refluced to a minimum? 

20. How are the losses due to skin effect and eddy currents minimized in the 
construction of variable capacitors? 

21. What are the a|)()roximate ranges of variable capacitors to be used for (a) 
broadcast? (fj) 8hort wave? (r) High frequencies? (r/) Ultrahigh frequencies? 

22. What is the difference between a variable capacitor that is used in a trans¬ 
mitter and one that is used in a receiver? 

23. (a) What is meant by a split-stator capacitor? (6) Why is such a capacitor 
used? 

24. tfi) What is meant by a multiple cajjacitor? (f;) What is its advantage? 

26. (ft) Describe the construction of adjustable capacitors, (b) Where are 

they used? 

26. (ft) What is meant by capacitive reactance? (fi) In what unit is it expressed? 
(ri What is i ts symbfd ? 

27. (ft) What is meant by the impedance of a capacitor? (b) In what unit is it 

expressed? (r) Wha t is its symbol? 

28. (ft) What two factors affect the capacitive reactance? (b) What two factors 
affect the impedance? 

29. Explain the following: (ft) leakage loss, (b) dielectric loss, (c) resistance 
loss,(d) capacitor losses. 

30. (ft) What is meant by breakdown voltage? (b) How is this voltage usually 
expressed? 

31. How are capacitors generally rated in regard to voltage? 

32. What is the reason for connecting capacitors in (ti) series? (b) Parallel? 

S3. What is meant by distributed capacitance? 

34. What effect does the distributed capacitance of a coil have on the circuit 
in which it is connected? 

36. How may the distributed capacitance of a coil be reduced? 
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36. Explain the principle of electrolytic capacitors. 

37. What factors affect the capacitance of an electrolytic capacitor? 

36. What factors tlcterniiiie the thickness of the dielectric in an electrolytic 
capacitor? 

39. Explain what is nieaiit by self-healing. 

40. Describe some of the methods used t o increase the surface area of the positive 
electrode used in wet electrolytic capacitors. 

41. How docs the construction of the dry electrolytic capacitor differ from the 
construction of the wet electrolytic capacitor? 

42. What are the advantages of dr 3 " electrolytic capacitors over the wet type? 

43. Describe some of t he methods used to increase the surface area of the positive 
electrode used in dry electrolytic cajiacitfirs. 

44. Descril)e the coiisl ruction of a capacitor block. 

46. What is meant by a polarized capacit or? 

46. What is meant by a noiii>olarized capacitor? 

47. Explain the following voltage ratings: (a) d-r working voltage, (h) peak 
ripple voltage, (c) |)eak voltage, (r/) surge voltage. 

4B. h^xplain the following current ratings; (a) leakage current, (6) normal 
leakage current, (c) initial leakage current. 

49. What does the equivalent series resistance of an electrolytic capacitor 
rcjjresent? 

60. What is the relation between the power factor of a ca|)acitor and its equiva¬ 
lent series resistance? 

61. Describe the iminnlance method of determining cajiacitaiice. 

52. What arc the assumptions on which the voltmeter-ammeter method of 
determining capacitance is based? 

63. Why is it ncce.ssary to use a d-c polarizing voltage in addition to the a-c 
voltage in det ermining the ca|)acilance of electrolytic ea|)acitors? 

54. Describe the three iirqiortant characteristics of a caj)acitor? 

66. In what type of circuits of a television receiver aie fixerl capacitors used? 

66. In what type of circuits is it desirable to u.se (rx) mica capacitors? (^>) 
(J erami c c,ap ac i to rs ? 

67. Why is it necessary to use a considerable amount of filtering in the low- 
voltage power-suiiply circuits of a television receiver? 

60. How do the voltage and capacitance rating of electrolytic capacitors used 
in radio receivers compare with those used in television receivers? 

PROBLEMS 

1. What is the capacitance of a capacitor made of two plates of tin foil, each 1 
in. square, separated by a sheet of mica 0.01 in. thick? 

2. If paraffined paper is substituted for the mica in the capacitor of Prob. 1, 
wdiat will its capacitance be? 

3. If V)eeswaxed paper is substituted for the mica in the capacitor of Prob. 1, 
what will its capacitance be? 

4. If it is desired that the capacitor of Prob. 3 have the same capacitance as 
that of Prob. 1, what length must the plates be if their width is f o be kept at 1 in.? 

6. If it is desired that the capacitor of Prob. 3 have the same capacitance as 
that of Proh. 1, what thickness of dielectric is required if the size of the plates is 
to remain 1 in. square? 

6 . What is the capacitance of a capacitor made of 25 plates of lead foil, each 
2 by 1 in., separated by layers of Bakelite 0.01 in. thick? 
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7. What is the capaeitanee of a capacitor made of 720 plates of aluminum foil, 
each 2 \)y 3 in., separated by beeswaxed paper dielectric 0.006 in. thick? 

B. How many ijlat es must be used l o make a capacitor of 0.0125 if they are to 
be 2 in. square and the diidecLric is to lie micaslieet.s 0.012 in. thick? 

9. How many plates must bfi used to make a capacitor of 0.0005 if the plates 
are I in. square and the dielectric mica sheets 0.007in. thick? 

10. What is the caparitaiuie of a capacitor cionsistinp of two plates, each 1 in. 
wide and SI in. Ions aiid separated by two sheets of parallined paper each 0.005 in. 
thick? 

11. If the caj)aeitor of Prob. 10 is to have a caijacitance of O.Ol |l^ , \vhat length 
is required for eacli plate? 

12. If the width of the plate of the capacitor of Prol). 10 is increased to 2 in., 
what length will be requirerl foi a capacitf)r of 0.10 /xf? 

13. It is rlesircfl t,o constiuct a capacitor from two tin-foil sheets 1 in. wide and 
separated by a bi'cswaxed paper O.fKH in. thick, 'riin capacitor is to lie rolled into 
a compaid. cylindrical frjrrn. What is the length of oacli tin-foil ]date if the capaci¬ 
tance is tf) be 0.5 /xf? 

14. What is tlie maximum capacitance of a 23-plate variable capacitor if each 
|)lai e lias an area of 2.75 si| in.? The air gap is 0.025 in. 

16. A midget capacitor has 13 filales, and its maximum capacitance is 320 /x^f. 
'Pile air gap between adjacent jilatcs is 0.025 in. What is the approximate area of 
each rotor plate? 

16. What is the capacitafiee of an ll-platc midget variable luipaidtor if the area 
of each rotor plate is O.S!) sij in. and the air gap is 0.025 in.? 

17. What is Hie capacitance of a ID-plate double spaceil midget varialile cajiaeil or 
if the area of each |ilaLe is O.StI sii in. and the air gap is 0.0715 in.? 

IB. What is the capacitance of a 27-plate micro variable cajiacitor if the area of 
eacli jilate is 0.35 sij in. and the air gap is 0.0205 in.? 

19. What is the capacitance of a 14-|)late micro variable caiiacitor if the area of 
each i)late is0.35sfi in. and the airgafi is0.0205in.? 

20. (a) What is the capacitive reactance of an S-^xf fixed capacitor at a frequency 
of IK) cycles? (M What current will ilnw if the capacitor is connected t o a ITO-volt 
IK) v.y V 1 e p o nv e i's u p p 1 ? 

21. (a) If the cajiacilor of Trob. 20 has a resistance of 10 ohms, what is its im¬ 
pedance at (K) cycles? (5) AVhat current will How if the cajiacitor is connected Lo a 
110-volt 60 cycle power supply? (c) What is its |)ower factor? (d) What is its 
phase angle? (() What power will it take from the line? 

22. What are the impeilance, current, power factor, and ])hase angle of a lO-^f 
ca|)acitor when connectiMl to a 25t)-volt (K)-cycle line? The eijuivalcnt series re¬ 
sistance of the capacitor is 10 ohms. 

23. What are the impedance, current, and phase angle nf a 20-xxf capacitor when 
connected to a 300 volt IKl-eyele line? The equivalent series resistance of the ca¬ 
pacitor is vS ohms. 

24. AVhat is the capacitive reactance of aO.OOl-Axf capacitor wlien connected in 
a circuit of the following high-frequency currents: («) 750 kc? (5) 1250 kc? (c) 1450 
kc? (t/) rK)mc?(c) 100inc?(.n 216 me? 

26. AVhat current will How if the capacitor of Prob. 24 is connected in a circuit 
of (n) 500 mv ami 750 kc? (6) 1(X)0 mv and 1250 kc? (c) 2.5 volts and 1450 kc? (c/) 1 
volt and (K) me? (c) 1 volt and 216 me? 

2B. How iiiuch current will a 0.5-/xf capacitor take when connected to an a-f 
circuit of 30 volts and 3000 cycles? 
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27. What is tlin capacitancp of a circuil containing tAvn and one d /if capaci- 
t ors t’ 01111 cctcd i 11 s eri es ? 

2B. If Hie series i-ircui1 of l*ri)b. 27 is L'oniiecled aeross a 25C)-vi)lt OO cycle power 
line, finrl («) the cui j ent, [h) the vollage across each ca))aritor. 

29. What is tiie raiiacilaiice of a circuit c.ontainiiig an S-, a -1-, a 2-, and a l-/if 
capacitor connecl ed in series? 

30. If Hie series circuit of Prol). 21) is connected across a 250-volt 00-cycle power 
line, find (a) the current, (h) the voltage across each ca]»acitoi'. 

31. WliaL is the capacitance of a circuit containing an 8-, a4-, and a 2 ^tf capacitor 
connected in parallel? 

32. If tlie pai-allel circuit of Proli. 31 is connected to a 110 volt 00-cycle power 
line, finil («) the voltage across each cajiaeitor, (6) the current in each parallel 
hraiich, (r) t he line currt'iit. 

33. What is the capacitance of a eireuit containing an 8 -, a ^ , a 2-, and a l-/uf 
cajuicit or coniu'ct ed in parallid ? 

34. If the paiiillel circuit of Proh. 33 is coiiiiei-lcd to a 110 volt 00-eyide jiower 
line, find (a) thi‘ volt age across eacli capacitor, (fi) t lu; > urrenl in each hrancli circuit, 
(f) t he line current. 

35. AVhat valiK' of capacit aner‘ must lie eonnecteil in seric’s with a IO-m^ cajiaeitor 
in onler t o old aiii a eapaei ( ance of O.tiO/jf? 

36. What, value of eapaeilanei' must he eomifMdi'd in series with a 10-/if capacitor 
in onh'r to obtain a caiiacilaiu (‘ of 3.33iuf? 

37. J,What value of eapaei I ance iiiust be i‘orjneelerl in jiarallel willi a 10-/uf ea¬ 
paei t or in order- to obtain a eapaeitance of 15/if? 

3B. Wluit is Hie eajiaeitanee of the circuit shown in I’^'ig. 0-35? 



I'Kf. D-Mo. I’rr;. 


39. AVhat is (he caiia cit aner* of the cireuil shown in Fig. !)-3ti? 

40. What is tlie cajiaeit aner* of the eircuif shown in Fig. 0 37? 

41. What is the eapaeitance of thi; circuit shown in Fig. !l 38? 


C=8^f 



Fir;. \)-37. Fin. [)-.38. 
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42. It ia desired to obtain a capacitance of 5 /if- A number of standard sizes, 
including 2-, 4-, and 8-/if capacitors, are available. Wliat circuit arrangement will 
provide a capacitance of 5 /if with a minimum number of capacitors? What is the 
minimum number of capacitors, and what are their sizes? 

43. It is desired to determine the capacitance of a capacitor by the impedance 
method. The capacitor is connected to the circuit as shown in Fig. 9-30, and the 
following readings arc obtained: voltmeter 220 volts, ammeter 0.55 amp, wattmeter 
10 watts, frequency 00 cycles, (a) What is the capacitance of the capacitor? (b) 
What is the ])ower factor of the capacitor? (c) What is its angle of lead? 

44. It is desired to determine the capacitance of a capacitor using the volt¬ 
meter-ammeter method and the circuit shown in Fig. 0-31. The voltmeter indicates 
3 volts and the ammeter 23 ma. What is the capacitance if the frequency is fit) cycles? 

46. A 0.1-/if capacitor is tested l)y the method and circuit used in Prob. 44. The 
line voltage is 100 volts and the frequency 60 cycles. What is the ammeter reading? 



CHAPTER X 

ALTERNATING CURRENT CIRCUITS 


The relation of voltage, eurrent, and power in electric circuits aa pre¬ 
sented in Chap. IV was on the basis of a continuous or direct current flow¬ 
ing in the circuit, as the circuit characteristics are more easily understood 
Avhen direct currents are considered. The study of a-c generators and 
transformers has shown that there are advantages of alternating current 
over direct current; because over 90 per cent of the electrical power is gen¬ 
erated as alternating current, the need for knowing the circuit character¬ 
istics with alternating current can be recognized. 

10-1. Circuit Characteristics. A~C v.s*. D-V. Because of the difference 
in the voltage and current characteristics of alternating current and direct 
current, it is necessary to introduce some new terms in the study of a-c 
circuits. The difference in the characteristics referred to above is shown 
in Fig. ]()-l. The voltage and current as indicated by voltmeters and 
ammeters are the same for each circuit, namely, 110 volts and five amperes. 

The voltage for the d-c circuit is 110 volts at all instants of time, and 
its current is five amperes at all instants as indicated in Fig. 10-la. All 
the opposilion to the flow of current is accounted for in the resistance of 
the circuit, and Ohm’s law, I = E/R, E = IR^ and R, = E/1 ^ applies to 
all d-c circuits. The power consumed by the d-c circuit may be calculated 
by P = E X I, P = PR, or P = E^/H. 

Phase Relation of Current arul Voltage. The a-c circuit conditions shown 
in Fig. 10-1 ^ indicate that the effective voltage and effective current are 
the same as for the d-c circuit shoum in Fig. 10-la. While this is so, it is 
also evident that the a-c voltage and current are continually changing in 
magnitude. It should be noticed, too, that the current goes through its 
cycle at the same time that the voltage goes through its cycle. They are 
said to be of the same time phase, or, more simply stated, to be in phase. 
This condition of being in phase may be more fully described by the follow¬ 
ing statement: The two waves start from zero and rise together, each 
reaching its maximum at the same instant; they descend together, go 
through zero, and alternate in polarity at the same time; they reach their 
maximum negative values at the same time; and then they decrease to 
zero to complete their cycles together. With the current and voltage in 
phase, the circuit will follow the same laws that applied to the d-c circuit, 
namely, that I = E/R^ E = //?, R = E/I, P = El, P = PR, and P = 
EyR. 
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The .study of inductanoe and rapacitanec ha.s .shown that it i.s possible 
for condition.^ to exist whereVw the current wave may not he in phase with 
tlic voltage wave. Such conditions exist in a-c circuits more often than do 
inphase currents. To stufly a-c circuits, it is iherefore nece.s.sary to account 
for these new conditions. When the current i.s not in phases with the volt¬ 
age, only one of l iif‘ lav s mentioned above will apj)ly, that is, P = PR] the 
others cannot be used. 


D.C.CIRCUIT A.C. CIRCUIT 




Fm. 10-l.— Dirt'fl run iMil vs. iillrriuihnK riiri fiu i ii s; (n) ;-un L*nt rmrl vnlt Hgc; 

\vhi?ii iht? r’irniit is rfiiiniM’l cil ti) a ri-i' iiuwim supplx', (f<) [■uri piil anil x ollaKP whpn thn rirmit 
is i'i)nnpt:t.p[l to an n-r ]juwpr .supply, (rl tlip fir«*uil rliaKiain. 

lUnvianw. Tn d-c circuits, the only opposition t f) tlie floAv of current 
considered is resistance. Jn a-c circuits, two additional factors must be 
considered, namely, inductive reactance and capacitive leactarice. Induc¬ 
tive reactance is the opposition to the fhnv of current offered l)y an inductor; 
its unit is the ohm; its s^mibol is ("aj)acitive reactance is the opposition 

to the flow of current otfered by a capacitor; its unit is the ohm; its .symbol 
is A^t:. 

When an a-c circuit contains resistance only, the current and voltage 
will be in phase. If an a-c circuit contains either capacitive reactance or 
inductive reactance, the current and A'oltage will be out of phase except 
in the case of resonance. (Resonance is described in Chap. XI.) 
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10-2. Effects of Inductive and Capacitive Reactances. Indudive 
Readancc. Tiicliictivo reactance is generally caused Ijy an alternating cur¬ 
rent flowing through a coil of wire. The alternating current sets up a 
magnetic held al)out. the turns of wire whii'h is continually varying in 
strength and direction. These magnetic lines cut. the turns of wire ami 
(hereby set up an induced emf wliich opposes a changi‘ in current strength. 
The effect of this is twofold; it results in (he inductive reatdance opposing 

( 

I 

I 

I 

I 

//Onf/fs 

—i _ 




Fiii. 10-2. -VoltaKC anil t-uritMit cjJmrantcri.sliuiH if a iKMfeet inductor worn ODimcrand to an a-c 
power iSiipply. 


the flow of curi'enf and also delays the tairrmt, causing it to lag liehind 
the voltage. A perfect inductor, that is, one having no resistance, has its 
current lagging the voltage by 90 electrical degrees, and under this condi- 
idon it takes no power because the coil stores up tlu^ energy in the magnetic 
held during one half cycle and returns this energy tt) the line in the following 
half cycle. Tlic current taken by a perfect inductor would be equal to its 
voltage divided by its inductive reactance, or 


II 




(8-7) 


Figure 10-2 shows the current and voltage waves for an inductive reactance 
of 22 ohms connected across a 110-volt circuit. 
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The impedance of a circuit containing resistance, inductive reactance, 
and capacitive reactance is 

z = x/w+ ix7-^cy (10-1) 

Example 10 3. What, is tlic iinptnlaiicc of a series eireuit containing 40 ohms 
resistance, 40 ohms iniluetive reactance, and 70 ohms capacitive reactance? 

Given; 
n = 40 
X;. = 40 
Xr = 70 

Hoi u lion ; 

- \//?=^ + (Xc - 
= \/40=‘ + (40 - 70)2 
= \/ 402 ‘+ (- 30)2 
= VhiOO + 0(M) = 50 ohms 

Ciirrmi, The current flowing in an a-c. eircuil will he equal to the 
voltage applied to the circuit divided by the imixalance of the cinaiit, or 

1 = I (8-'J) 

Exavrph 10-4. Wliat is the total ciirreiU flowing llirough the coil in Examiilo 
10-2 when 10 volts is imijresseil across its terminals? 

Given; 

E - 10 
Z = 11.18 

Solution: 



“ 11.18 
= 0.805 amp 

10-4. Complex Series Circuits. A series a-c circuit is formed whenever 
one or more resistances are connected in series with one or more reactances. 
Since all coils or capacitors contain some resistance in addition to their 
reactance, a series circuit is fonned whenever a coil or a capacitor is con¬ 
nected across an a-c power supply (see Fig. 10-5). The resistance and 
reactance are actually part of the coil and capacitor and not two separate 
devices as the ciiiaiit seems to indicate. In calculating a-c circuits, the 
reactance and resistance are always treated as separate units. 


Find: 

It = ? 


Find: 

Z = ? 
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If the eoil and eapaeitor in Fig. 10-5 are connected in series, the circuit 
diagram will be as shoAvn in Fig. 10-0. As all resistances produce currents 
that are in phase with one another, the total resistance will be etjual to the 
sum of the two resistances. The two reactances are 180 degrees out of 


Ea-z 


X^riaoji 


(a)-C\rcu\f dliaqram fora ooil showing 
resistance and inductive reactance 
Yui. 10-5.- 


aTaaa. IL 



r6J“ Circuit diagram for a capaciforshowing 
rcsisfcmce and capacitive reactonce 
Cin-uit. diugriiiiis for ji coil and ii capacitor. 


phase with one anothei*, and therefore the resultant reactance will be ctiual 
to the dilTerence between the two. Tlie inductive reactance in this case 
is larger; therefore the resultant niactanee must be inductive. 

If two or more inductive reac¬ 
tances are connected in scries, the 
total indindive reactance will be 
equal to the sum of the individual 
inductive reactances, as they are 
all in phiise with one another. In 
a like manner, tlui total capacitive 
reactance of a series cii’cuit will ho 
equal to the sum of the individual 
c.apac.itive reactances. 

From the foregoing statements, 
the following equation can be used to solve for the impedance of any 
series circuit: 

^ (RI + Ri + R:\j etc.)“ + (A M + A /,2 + Aetc. 

- Xr., - X p, - A (10-2) 

This one equation may be used for all series circuits by placing all the 
values of R in tlie first parentheses and all the reactances in the second. 
AVhen adding ( he reactances in the sectmd i)arenthescs, all inductive react¬ 
ances are given plus signs and all capacitive reactances minus signs. 

Example 10-5. What is the impedance of the circuit shown in Fig. 10-C? 

Find; 

Z - ? 


Eq-C 


Ri-fOn 

-VWWV- 


XitIOOji 


-AAAAAAr- 


Xc=^Sji. Rc^/Syi 

Firj. 10-0,- C'irr’uib diiigram rcpiosciitiiiK a 
eoil and a capacitor connected in .series. 


Given; 

Rl = 10 
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Solution: 


z = Vdii- + Rv)^+ {Xl - Xc)’ 

= VaT+isjMMido'^^)’ 

= V25* + 75* 

= V'625'^56M 
= V^O 

= 79.05 ohms 

Example 10-6. The series circuit shown in Fig. 10-7 is connected to a 150-volt 
60-cycle power line, (a) What is the impedance of the circuit? (?>) What current 
will the circuit draw from the line? 

Given: 

E = 150 
R, = 28 
Xl, = 10 
Xl2 = 20 
Xci = 100 
Ri = 2 

Xu = 60 
Xc2 = 50 
R, = 10 



Find: 

Z = ? 
I = ? 


Solution; 

(a) Z = Vr/iiT + - Xr; - Xc,)^ 

= \/(28~-f 2 ^10)* -h TlO^^^ 

= V(40)^‘T (-’60P 
= VlCOO H-T600 
= 

=‘ 72.1 ohms 



150 

72.1 


B 2 . 0 s amp 
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10-6. Vectors—Voltage and Current. Vector RejiTcseniaiion of Voltage. 
The sine-wave diagrams provide excellent illustrations of a-c voltages and 
currents, but they require a great deal of time to prepare, especially if 
accurate drawings are necessary. A simpler method, used extensively be¬ 
cause of its timesaving feature, is the vector 
representation, f^y definition, a vector is a 
line that has both magnitude and direction 
and is used to represent an alternating 
voltage or current. 

By the vector method, the sine-wave 
voltage illustrated in Fig. 7-5f> is represented 
by the single line shown in Fig. 10-8. Vectors are usually drawn to a 
suitable scale as is indicated in the figure wiierc one inch represents 1(X) 
volts. 

The wheel diagram of Figs. 7-6 and 10-9a might be analyzed in terms 
of vef;tors since each ‘'spoke” is really a vector used to obtain an instantane¬ 
ous value as is shown in Fig. 10-f). Four vector diagrams are included in 
this figure to illustrate that a vector has both magnitude and direction. 
The first vector fliagrarn (Fig. 10-96) corresiionds to position 1 of the wheel 
diagram, which is for zero degrees. This is the starting point, and it is 
generally laid off in a hcn'izontal position and to the right of tho point of 
origin 0. The second vector (Fig. lO-Oc) corresponds to position 2, or 30 
degrees. As the standard direction of vector rotation about its origin is 
counterclockwise, the vector Emux has been advanced 30 degrees from the 
start ing position and in that direction. A vertical line projected from the 
end of the vector to the horizontal plane will be equal to the instantaneous 
value of the voltage, c. The line c, Avhen measured, is found to l)e five 
units, and its voltage therefore will be 5 X 10, or 50 volts. The third 
vector diagram (Fig. i0-9f/) corresponds to position 3, and the vector is 
drawn 60 degrees from the horizontal. The vertical projection e represents 
the instantaneous voltage which is found to be approximately 87.5 volts 
(actual value is 86.6 volts). The fourth vector diagram (Fig. J0-9f?) is for 
position 9, or 240 degrees. The vector is now below the horizontal line, 
and its instantaneous value will be negative. The value of e found by the 
vertical projection is approximately —87.5 volts. For any position, the 
instantaneous value may be found in a similar manner. This method of 
solving for e by constructing a diagram to scale, measuring the length of 
the line c, and then converting its length from inches to volts is called the 
graphical method of solution. The values of c in Figs. 10-9d and 10-9e 
solved by this method have been found to be approximately 87.5 volts and 
— 87.5 volts, while their accurate values are 86.6 volts and —86.6 volts. 
The accuracy of the graphical method of solution depends upon the size 
of the diagram and the accuracy of drawing. 


Emat ^100 volts 


J - 


L- 1 inch - 

Scale: I inch =100 volts 

FifJ. 10-8. —Vpntor rt?prGsontatiDn 
of a ainp-wavc voltage. 
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A morn accurate methud of solution is the mathematical method. In 
this method, the value of r may be found by Eq. (7-4). Using this method 
to check the graphical solution, 

co" = X sin 0° = 100 X 0.000 = 0 volts 

Cso'- = X sin 30" = 100 X 0.500 = 50 volts 

(hr = X sin 00° = 100 X 0.800 = 80.0 volts 

C 24 n" - X sin 240° = 100 X (-0.800) = -80.0 volts 



\e=87.5vons 



,- 240 \ 



Fiu. lO-D. Vi'ctur i rpri\si*nl!ition i>f lilt' wWih'I iliajiriiiii: (n) tlip wliin*! iliiini Mm slinwing 12 
niutilly .spiirrcl jioinl.s, (fO vt'nlor n^prcscMiliiiK point 1, (r) vi'ctor reprosiMitinK point 2. {d) 
vorLor nMi>’t’‘'^t'''ting point .'i, (r) vprlor rpprpsi'iitiiig i)oinl 0. 


Vector Rc-presniUiiion oj Vollagi^ and Current. When sex eral sine w ax'es 
are plotted together as in Fig. 10-11), the vector representation requires 
two lines, one for the voltage and one for the current, 'riie vector diagram 
for this contlition is given in Fig. 10-10. As the current and voltage are 
in phase with each other, tin* two vectors must be draxvn on tlie same tine. 
Uecause of the great dilTerence in the numerical value of tlie current and 
voltage, it is permissible and also common practice to use separate scales 
as in Figs. 10-10 and 10-11. Hy careful observation, it may also be noted 
that these vecturs are for elTective values, wliereas in Fig. 10-!) ma.ximum 
values were used; either values may be used as long as they are properly 
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marked. Figure 10-lira shows the vector diagram corresponding to Fig. 
10-2 in which the current lags the voltage by 00 degrees. As vector rota¬ 
tion is counterclockwise, the current is downward, or lags the voltage l)y 
00 degrees. Figure 10-1is the vector diagram corresponding to Fig. 
10-3 in which the current leads the voltage by 00 degrees. The arrows 
on the current vectors are closed, 

w^hile on the voltage they are left __ E=}lOvoifs 

open in ol der to distinguish currents Sermperes 

from voltages. Sc^/c:/MOOwrfs;=4amp^^^ 

10-6. Vectors Resistance, Re- repi iisimtaU.m of L^urn^ut 

anil vf)lluK(i wtiLMi tliL' ciirTiMii m pliawL* 

actance, and Impedance. Vectors witu the vuHhkp 
arc also used to shfuv the relation 

among resistance, inductive reac-tance, capacitive reactance, and imped¬ 
ance. This was taken up in Art. 10-3, but tlie values were not con¬ 
sidered as vectors at tiiat lime. If the reactance and resistance vectors 
are drawn to scale, tlie impedance of the circuit can be detennined 
graphically. 


B=^/lO vofts /= 5 otmp eres 



/= 5 oimp eres no volf^ 

(a) (b) 

5cah: finch - ^amperes 
linzh -100 vo/fs 

I'jt;. 10-11.- ViM'tor riijjrp.srMihitioii f>f i-urrent .'intJ vriltaKi*: (ci) ciirront laKRin^ tlif vrjlt.'ige by 
DO [JeKiiM'.s, (//) ['urrfiil li'JuIijiK tin* voltage by .10 degrees. 

ExaTiiph 10-7. Hy incariH of vectors, dotorminc the impndanno of asnrics circuit 
coiUaining a rcsi.slaiice of 40 olims and an inductive rDactance of HO ohms. Check 
the answer by solving fur iinpedaiice mathematically. 

Given: Find: 


R = AO 
Xl = 30 


Z = ? 
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Solution: 

Since the resistance causes an inphase current and the inductive reactance 
causes a OO-dcgrec lagging current, tlie inductive reactance is drawn OO degrees from 
the resistance. The coniliinalirm of the two as determined graphically is shown in 
Fig. 10-12 and is equal to 50 ohrii.s. 



R^ 40 ii 


¥i<i. 10 - 12 . 

Checking mathematically: 

if = VTi^'+ A’;.“ 

= V-IU" + 3(F 
= \/l<i0(i+'! m10 
= VMIK) 

= 50 oVnns 

Examptv, 10-M. A circuit has a resistance of 30 ohms connected in series with a 
capacitive rcaetance of dO ohms. Determine its impedance graphically and mathe¬ 
matically . 

Given: Find: 

K = 30 Z = ? 

Xc = 40 

Solution: 

The capacitive reactance causes a OO-degree leading current and is therefore 
drawn 1)0 degrees from tlie resistaiice. The comiunatioii of the two as determined 
graphically issliowii in Fig. 10-13 and is equal to 50 ohms. 


B=J0ji Xc=^0ji R-30JI 



Tin. 10-13. 


Z = 

-= V^5o6 
= 50 ohms 


Checking mathematically: 
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Series circuits may contain resistance, inductance, and capacitance. 
In such circuits, the total impedance is determined graphically by com¬ 
bining the resultant resistance vector with the resultant reactance vector. 

Example 10-1). A serins circuit contains a resistance of 40 ohms, an inductive 
reactance of 30 ohms, and a capacitive reactance of fiO ohms. Determine the im¬ 
pedance of this circuit, using vectors. Check the answer mathematically. 

Given: Find: 

= 40 Z = ? 

Xl = 30 
Xa = GO 

Solution: 

Referring to Fig. 10 14, the inductive reactance and the capacitive reactance are 
first combined into the single value {Xi, — ATr) which is then added to the resistance 
to form the triangle for finding the impedance. Using this method, Z = 50 ohms. 

Checking the answer mathematically: 

z = Vii''+ TxT- Xvy 
= (:«) - 60)" 

= v'w'+'c-'W® 

= 

= 50 ohms 

10-7. Power in A-C Circuits. Apparent Power. The power consumed 
by a d-c circuit was given in Art, 2-13 
P = E X I [Eq. (2-12)]. In a-c 
circuits this will he true only when the 
current is in phase with the voltage as 
is the case for circuits containing re¬ 
sistance alone and for resonant circuits 
to be studied later. In cases where 
the current is not in phase with the 
voltage, the product of the volts and 
amperes will not be equal to the power 
actually consumed by the circuit. In¬ 
stead, the product of the volts and 
amperes is called the apparent power 
and is expressed in volt-amperes. To 
avoid confusion, it is preferable always 
to call the product of the volts and 
amperes the apparent power. 

Actual Power. The actual power 
consumed by an a-c circuit is best determined by the use of a watt¬ 
meter, which always indicates the true power, regardless of whether 
the current is in phase Avith the voltage or not. The power may, how 
ever, be determined without the use of a Avattmeter if the angle between 


R-40ji Xc^jSO/i 

I-AVWV--It— 
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the current and voltage is known. Power may then be calculated by 
the equation 

P = E X I X cos e (10-3) 

where P = power, Avatts 

E = voltage of the circuit 
I = current of the circuit 
9 = angle between current and voltage 
cos 9 = cosine of the angle 9 (from tables in Appendix XI) 

The power may also be found by Ktp (2-14), P = PR, l)Ut care must be 
exercised that only the resistance is used and that it is not i-onfused with 
either inductive reactance, (*apacilive reactance, or impedance. 

Power Factor. The value of cos 9 is often referred to as the 'power 
factor. When the current is in phase with the voltage, the angle 6 is zero 
anrl the power fact or, cos 0 degrees, is I .OOt). When the current is out 
of phase tiy 1)0 dr'grees, either leading or lagging, the power factor, cos 
!)0 flegrees, is zero. Tor lagging or leading currents Avith angles between 
zero and !)() dt;grecs, the cosine Aalius and hence tiic p()^^ er factor, A ari(\s 
from 1.()()() to zero as indicated in the cosine table. Substituting the 
apparent power VA for Ext and I’-F for cos 9 in Tq. (10-3), it becOTiu's 

p = VA X P-T (10-4) 

or 

Actual poAver = apyiarent poAver X power fact or 

From tliis e(iuation a definition may be derived for po\ver factnr, namely, 
power factnr is a factor or number Avhose value varies from z(‘ro t i) 1.000, 
by Avhich tlie api)ar(ait power must l)e multiplied in order to dettuniine 
the actual power. From the power equations, it may l)e seen that A\dien 
the power factor is unity (1.0) ail the Aadt-amperes become actual poAver, 
while if the power factor is less than unity, only part of the volt-amperes 
V)ecomes actual poAver. Since only the actual poAver does useful Avork, it 
is cAudent that it is desirable to ha\"o the poAver factor as near to unity a^ 
possible. C\3mbining the tu’o facts that (1) only resistance takes pouer 
and (2) impedance is the combined elTect of resistance and the reactances, 
it follows that the power factor can also be expressed in terms of the re¬ 
sistance and impedance of a circuit. Hence 

r-F = 5 (10-5) 

/j 

In practical Avork, the pow er factor of a circuit is generally determined 
from meter readings. AVhen the volts, amperes, and Avatts of a circuit 
are known, the poA^■er factor may be calculated by the equation 
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Power factor = 


watts 

volts X amperes 


nr P-F 


_P 

E XI 


(9-14) 


It may be seen from this equation that the power factor may also be 
defined as the ratio of the actual poAvcr l-o the apparent power. A power- 
factor meter that gives a direct indication of the power factor of a circuit 
is also available, but this method of detennining the power factor is not 
used so much as the voltmeter, ammeter, wattmeter method. Its greatest 
use is for circuits in whicli the power factor may be varied as by a rheostat 
in a synchronous-motor field circuit. 

Phase Angle. The phase angle, represented by the Greek letter 0 
(pronounced theta), is the angle between two a-c quantities (most coin- 
moidy between the current and voltage, although it is often used with 
two voltages, two currents, resistance and impedance, etc.). When it is 
used with current and voltage, especially as the power-factor angle, it is 
standard practice also to state what the current does with respect to tiie 
voltage, that is, wliether the current lags or leads the voltage by the angle 0. 

10-B. Series Circuit Problems. As most of the principles presented in 
Arts. 10-] to 10-7 are so closely related, the following examples will il¬ 
lustrate several of them in each example. 


Exarnph’. 10-10. A lO-liriiry cliokc foil is fonnocteil to a IJO-volt f50-cychi power 
line. It is assiitncil that (In* rosistaiico uf (ho foil is zioo. (ft) IIdw mufh f.iiijfnt 
dufs tliu foil rlraw from tin; line? (ft) Wlial are the jiower, jxjwer faetur, and j)hase 
angle? (c-j Draw a vtM’tor diagram shewing the current and voltage relaLinns. 


ib) 


(liven: 

E = no 
/ = 00 
L = 10 


Solution; 

(a) 


h, - 


El. 

Ni. 


Ej. 

2iyfL 


Ui) _ 

6.28 X 60 X 10 


Fi n d: 

I = ? 

R = ? 
p r = ? 

0 = ? 

Vector diagram = ? 


no 

3768 


= 0.291 amp = 29.1 ma 
P = PH ^ 0.029P X 0 = zero 

T3 T ^ 9 

1 -r = — =-= zero 

Z 3768 


90 degree.s (Jagging current) 
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(c) Vector diagram, Fig.l0-15b 


liovo/fs 

60-' 

I 


r - 

Lj- o 

lOhenriei^ 


? 

90° 

1=29.1 m a 


E=/I0voJts 


(a.)- Circuit diagram Vector diagram 

Scale: I inch =100 volh 
Iinch= 60m a 
Fig. 10-15. 


Example 10-11. A lO-inicrnfarad capacilor is cnimertcd trj a 250-volt 60-cyr*le 
circuit. It is as.HUiiii^d that the ri;sistaiicc of tlic capacitor is zero. Find (a) the 
current, (f^) the j)ow'er, (c) the volt-amperes, (d) the power factor, (c) the phase 
angle. (/) Draw a vector diagram of the current and voltage relations. 


Given: 

E = 250 
/ = 60 
C = 10 


Solution: 


Find: 

I = ? 

P = ? 

VA = ? 

P-F = ? 

e = ? 

Vector diagram 


(o) 

W 

(c) 

id) 


I = 27r/rF10-'' = 6.2R X 60 X 10 X 250 X IQ-® 
= 0.943 amp 

P = Pit = 0.943* X 0 = zero 


VA = El = 250 X 0.943 = 235.7 


P-F = 


VA 


0_ 

235.7 


zero 


(e) e = 90“ leading current 

(/) Vector diagram, Fig. 10-16t 


? 


250 volts 
60'^ 


1= 0,943ampere 


_Lc*= 

['lo/xf' 


E=250volts 


faACincuit diagram 


(b) - Vector d ia gra m 
Fig. 10-lG. 


Example 10-12. A series circuit containing a resistor of 40 ohms, an inductor 
of 80 millihenries, and a capacitor of 40 microfarads is connected across a 250-volt 
60-cycle line as shown in Fig. 10-17o. The resistances of the inductor and the ca¬ 
pacitor are assumed to be zero. Find (fi) the inductive reactance, (b) the capacitive 
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reactance, (c) the impedance, (d) the current, (e) the power, (/) the apparent 
power, the power factor, (/i) the phase angle, (i) the voltage drops across the 
resistor, inductor, and capacitor, (j) Draw a vector diagram. 


Given; 

E = 250 volts 
/ = 60 cycles 
= 40 ohms 
L = 80 mh 

C = 40Mf 

R=40n. L=dOmh C=40^f 

I-VWVV- f OOtK) -1(— 


_ 250 voffs 
60 cychs 

Fici. 10-17a. 


rind: 

Xl = ? 

Xc = ? 

Z = ? 

I = ? 

P = ? 

V A - ? 

P-F « ? 

= ? 

Ett “ ? 

El. = ? 

Ec = ? 

Vector diagram = ? 


Solution: 

(a) X/. = 27r/L = 6.28 X 60 X 80 X lO"* 

= 30.1 ohms 

^ 2ir/C' C.28 X 60 X 40 

= 66.2 ohms 

(c) Z = v/«> + (X;'- = v'40' + (30.1 - 66.2)« 

= \/4o* +1-36.1? - Vi^'+l^ = V^m 

= 53.8 ohms 


id) 


250 

/ = - = 

— = 4.65 amp 

(e) 

P = PR 

= 4.65^ X 40 = 865 watts 

(/) 

VA = El 

= 250 X 4.65 = 1162 

ig) 

J" 

865 

P-F = - 

=-= 0.744 

VA 

1162 

ih) 

9 = 42“ 


U) 

Eh = IR 

= 4.65 X 40 = 186 volts 


El = IXl = 4.65 X 30.1 = 140 volts 
Ec = IXc = 4.65 X 66.2 = 309 volts 


(j) Vector diagram, Fig. 10-175 
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Fir;. 10-17t. 


Note: The voltage drop across the capacitor is greater than the line voltage. 
This is not in error, for this can occur in a series circuit that contains resistance, 
inductance, and capacitance. Whether or not it occurs depends upon the relative 
values of resistance, inductive reactance, and capacitive reactance. 

Examph 10-13. An inductor (inductance coil) is connected in a circuit as shown 
in Fig. 10-18a. The readings takenshow 110 voUs, IK) cycles, 3 amperes, and 06 watts. 
What are the (a) impedance, (1;) resistance, (r) apparent power, (d) power fa(;t[)r, 
(c) phase angle, (/) inductive reactance, and {g) inductance of the coil? (/i) Draw 
a vector diagram. 



Fio. 10-lSu. 


Given: 

E = 110 
7 = 3 
P = 66 
/ = 60 


Solution: 

E 

110 

(a) 

z=- = 

= 36.7 ohms 


Find: 

Z = ? 

R = ? 

A-P = ? 

P-F = ? 

e = ? 

Ar = ? 

L = ? 

Vector diagram «= ? 
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( 6 ) 



7.33 ohms 


(r) 

id) 

(e) 


A-P = El = 110 X 3 = 330 v-a 


P 66 

P-F = — = —- = 0.200 
VA 330 


6 = angle whose cosine is 0.200 


Xl = Vz^ - = \/36'7*'- 7.i3> - \/l345.0 - 53.7 

= '\/l292.2 = 35.9 ohms 


, ^ r 35.9 ^ , 

(g) L = ~ = —- = 0.0952 henry 

(/i) Vector diagram, Fig. 10-18b E^/IOvolfs 

10-9. Parallel Circuits. Parallel rireuils 
are used more frequently in electrical systems 
than arc series circuits. In electronic equip¬ 
ment, series, parallel, and combination cir¬ 
cuits are used. Because all inductors and I=3afmperes 
capacitors have some resistance, it is not pos- H)-i8f). 

sible to set up a circuit containing pure 

reactances connected in parallel. However, in some inductors and ca¬ 
pacitors, especially capacitors, the resistance is so low in comparison to the 
reactance that the resistance is ignored, that is, assumed to be zero. Under 
these conditions, a circuit may be treated as if it would contain any 
combination of pure resistances and pure reactances connected in parallel. 
The characteristics of such a parallel circuit can best be illustrated by solv¬ 
ing for the impedance, currents, power, etc., of a typical parallel circuit. 

The various factors of a parallel circuit can V)e determined with the 
least difficulty by observing the following order: 

1. Find the impedance of each branch. 

2. Find the current of each branch. 

3. Draw a vector diagram of the currents. 

4. Find the total inphase or resistance eurrent. 

5. Find the total reactance current. 

6. Find the line current. 

7. Find the impedance of the circuit. 

8. Find the line power (sum of the separate powers). 

9. Find the line volt-amperes X /im.)- 

10. Find the line power factor (line power divided by the line volt- 
amperes) . 
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Thia order is recommended but is not essential; in fact it may have to 
be altered to meet the needs of the problem being considered. If the 
impedance of a parallel circuit is desired but no line voltage is specified, 
any convenient value may be assumed for calculating purposes. 

I'he equation for the line current in a parallel circuit containing only 
pure resistances and pure reactances (see Fig. 10-19o) is obtained by 
combining steps 1 to 6 listed above and is 

“h iH2 + {Txci “b /jra — IxLl — I (l0-6) 

In the second parentheses, all leading currents (caused by capacitive re¬ 
actance) are plus, and all lagging currents (caused by inductive reactance) 
are minus. When the sum of the values in the second parentheses is a 
plus, it indicates that the line current is leading the voltage, and if nega¬ 
tive it indicates that the line current is lagging. 

Example 10-14. The parallel nircuit shown in Fig. 10-19a eonsisls of only pure 
resistances and pure reactances. Find (a) the current of each branch, (b) the line 
current, (c) the impedance of the circuit, (d) the power consumed by each branch, 
(c) the power taken by the complete circuit, (/) the volt-amperes of the complete 
circuit, (g) the line power factor, (/i) the phase angle between line current and line 
voltage, (i) Draw a vector diagram of the voltage and all the currents. 

Given; 


I 2 3 4 5 6 



Solution: 

(a) Use steps 1 and 2. 

/i 

h 

h 

U 

h 

h 
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(b) Use steps 3,4,5,6. 

Step 3, vector diagram (Fig. 10-1 Db). 


1^-2.6 amp. 
Is-IZSamp. 


90° 

90° 


__ E=J OO volfs 

2.5amp. Il-5amp. 


I^^2.5amp. 

Scale: /inch - 4-amperes 
/inch =50v'o/fs 


I 2 -Samp 


Fir. l()-19b. 


Steps 4,5,6 are combined in Eq. (10-6). 

/lino — VT/m + 7«2)' + (jxi: -j- Ixc 2 — fxu — IxLi)' 

= ^(5 +“2T5)*'+T275“+ \ 

= V\7-5V+~C-^75)^ = V56.2^+14706 
= \/70.31 
= 8.38 amp 

(c) Use step 7. 

Fii„„ 100 

Z^t = .— = j.-,- = 11.93 ohms 

lino ri.fio 


(ti) Power may be calculated by Eq. (2-14); note that circuits containing no 
resistance take no power. 

Pi = 12Ri = 5* X 20 = 500 watts 
Pi = no resistance in circuit = zero 

Pi = I 2 R 2 = 2.52 X 40 = 250 watts 

Pi = no resistance in circuit = zero 

Ps = no resistance in circuit = zero 

Pb = no resistance in circuit = zero 

(e) Use step 8. 

Piinu = Pi + P2 + Pa + P4 + Pb + Pd 
= 500-1-0-1- 250 -1-0-1-0-1-0 
= 750 watts 

(/) Use step 9. 

VAline = Plinc X /l.nc 

= 100 X 8.38 
= 838 


ig) Use step 10. 


P-Flino = 


Plmc 

V^lio 


7^ 

838 


= 0.895 
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(/i) 0iiiii » 26.5° lagging (from Appendix XI) 
(i) Vector diagram, Fig. 10-19c 

-2,5 amp. 


1.25 amp. 


Jj=2.5amp. Jj=*Samp. 


E=l00vDfh 


h ^ 

255° 

1^ 


2.5 amp 


Jfln^ 8.38 amp. 


1 I^-Samp. 


Scale: I inch - ^ amperes 
/inch - 50 volts 

Fio. 10-19c. 


10-10. Parallel-series Circuits. When one or more series groups be¬ 
come part of a parallel system, tlie combined circuit is (*alled a parallvl- 
.sm'ps circuit. The following procedure is suggested for solving such 
circuits: 

1. Find the impedance, current, power, cos 0, and sin d for each branch. 

2. Resolve each current into its inphase and quadrature (90-degree 
angle) components. This is done in the following manner. For example, 
a current of five amperes lags its voltage by 30 degrees, as shown in Fig. 
10-20. As a similar current could be caused by a resistance current In 


■?— 


2.5 amp 



E 


1=5amperes 


Fii:. 10-20.—Tlie riirrpiit / laRgiiije the volUige bj- 30 degrees resnlvpd into its inphase or 
re.sistanre ponipoiient and its quadraturp or rpartanre eoinpoiient. This procedure may 
also l>e applied to any leading current. 


and a reactance current /j, we may resolve the current 7 into two such 
components. By trigonometry (see Appendix X) 

/^ = / X cos 0 = 5 X cos 30° = 5 X O.SGO = 4.33 
/i = 7 X sin 0 = 5 X sin 30° = 5 X 0.500 = 2.5 
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3. Calculate the line current by combining the inphase components 
anti the quadrature components of all the branch currents. This may be 
done in the form of the following equation 

/line = \/(/i COS di + I 2 COS02, etc.)^ H“ (±/ivSiii0i zt /s sin 62 , etc.)'-* (10-7) 

Note: ±/i sin 0j , etc.: Cse + for leading currents and — for lag¬ 
ging currents. When the sum of the second parentheses is +, it indicates 
that /iin.. is a leading current, and if the sum is —, it indicates that 
is lagging. 

4. Find the impedance of the circuit. 

5. Find the power taken by the circuit. 

fi. Find the volt amperes of the (‘ircuit. 

7. Find the line power fat'tor. 

This order is recommended but is not essential. It may even have 
to be altered to meet the needs of the problem being considered. 

Example 10-15. A parallnl snrios circuit is sbowri in Fi^. 10-21«. (a) Finil the 

f'urrnnl,, power, ijowcr fad or, Mini |)liase angle for each branch, (f/) Fiiul tlie ciir- 
renl, prjwcr, apparoiK power, power factor, anil ])ha.sc angle for tin; coiiqilcte cir¬ 
cuit. (r) Draw a vector diagram. 

Given: 


1 2 3 4 5 



Solution; 

(a) Zi = AV = = V2OOO 

Ex 100 

/i = — = = 2.23 amp 

Zi 44.7 ' 

Pi = h^Ri = 2.23* X 20 = 99.5 w^atts 

Rx 20 

P-Fi = cos 01 = — = ” = 0.447 

44.7 

01 = 63.5° lagging 

, E. 100 

^ = ^20 ' ® ■‘"■p 

= I^^R^ - 5* X 20 = 500 watts 


44.7 ohms 
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V-V2 

02 

z, = 
h ’ 
p. 

V-l\ = 

0n = 

z, 

Ia ■■ 
Pa ■■ 
V-Va 

04 

h 

I\ 

P-l\ 


R 2 20 

— -- 1.00 

Z 2 20 


= 0 “ 


V/^ 3 * + Ar* = V4CP + = \/H0d0 = 89.4 ohms 

A", 100 

Za 89.4 * 

I^R^ = 1.12* X 40 = 50 watts 
«a 40 

— = - = 0.447 

Z, 80.4 

63.5“ loading 

Vip'+Jxr- XvY = V'iO' +175‘^1W = \/6b2'5 = 77.6 ohms 

Ea 100 

Z 4 77.6 ^ 

Ia^Ra = 1.29* X 20 = 33.3 watts 
Ra 20 

= 0.257 


Z 4 77.6 
75“ loading 
100 

, — _ _ - _ 2 amp 
Zs 50 

Ib^Rb = 2* X 0 = 0 watts 


= « =0 
Zfi 50 


0 , = 90“ lagging 

ib) h iiip — V(/ 1 cos 01 -H 1 2 cos 02 -h h cos 03 -|- Ia cos 04 + Ih cos 05)* 


+ (=t/i sin 01 =b h sin 0™ ± /a sin 03 rt I a sin 04 zt h sin 00* 

= V(2.23 X 0^447 + 5 X 1 000^-1- 1.12 X 0.447 + 1.29 X 0.257 


-1- 2 X 0.000)* + (-2.23 X 0.895 + 5 X 0.000 -h 1.12 

^7895^1”:^ X^^ - 2 X 1.000)’ 

= V( 1 . 6 o -h 5 -f 0.50^ 0.331 + 0 )* + (- 2.0 -h 0 + 1.0 + 1.25 - 2 . 0 )* 
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= V6.831»-|- (-1.75)» = V 49.72 = 7.05 Bmp 
PiiD. = Pi Pj -I- Pa Pi + 1\ = 99.5 -I- 500 -I- SO -I- 33.3 -f 0 
= 682.8 waits 


A-P = X /i.no = 100 X 7.05 = 705 v-a 

^ ^ Piino 682.8 

P-F = — = —— = 0.968 

FAiinu 705 


9 = 14.5'’ lagging 
(p) Vector diagram, Fig. 10-215 



Sca/e: / /he/? = 4 amp&res 
finch = SO vo/fs 
Fig. 10-21b. 


10-11. Series-parallel Circuits. Whoii one or more parallel groups 
become part of a series circuit, the combined circuit is called a 5mc,s- 
'paralld circuit. The following procedure is suggested for solving such 
circuits: 

1. Reduce each parallel group to a single value of resistance and re¬ 
actance (either inductive or capacitive) so that when connected in series 
they will produce the same effect as the original parallel group. These 
values are called the equivalent resistance and the equivalent reactance. 
This may be done by (a) assigning a convenient assumed voltage to the 
group which is to be used only for finding the impedance and phase angle 
of the group; (5) finding the ecpiivalent resistance by = Z X cos 6 \ 
(c) finding the equivalent reactance by X(.^ = Z X sin 6 . 

2. Draw a new circuit diagram, substituting the equivalent resistances 
and reactances in place of the parallel groups. This circuit will be a 
series circuit similar to Example 10-0. 

3. Solve for the impedance, current, power, apparent power, power 
factor, and phase angle of the circuit as in Example 10-6. 

4. If it is required to get the division of current in the parallel parts of 
the circuit, this may be done by first finding the voltage drop (/Z) of that 
part and then getting the separate currents. 
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Example 10-10. A serins-parallel circuit is shown in Fig. 10-22o. (a) Find the 

current, power, apparent power, power factor, and phase angle of the line. (b)Find 
the voltage and current of each part of the circuit, (c) Draw a vector diagram. 


Rt~30ji 

nAAAAT^ 


Rj-60yi 

A A A A IV 

WvV^ 

Group! 


G/vupM 


Xi,j40ji 


X^/S0j2 


_/20wfh _ 
60 cycles 


Fro. 10-22a. 

Solution: 

Step la. Equivalent aeries circuit of group I. (Assume 120 volts.) 

, 120 

/„ = 3 ^ = 4 amp 

, 120 

” 40 “ ^ 

/lino = -j- 3* = = 5 amp 

^ 120 , , 

^oq — “ 24 oiims 

5 

Ir 4 

cos 0 = -— = - = 0.800 

/ line 5 

Ix 3 

sm 0 = - = " = 0.600 

I lino 5 

e = 37° lagging 

/ioq = Z X cos 0 = 24 X O.SOO = 19.2 ohms 

= Z X sin 0 = 24 X 0.600 = 14.4 ohms 

Step lb. Equivalent series circuit of group II. (Assume 240 volts.) 

r 240 

/«= -~ = 4amp 
^ 240 

Ixc = '^ = 3 amp 

/line = \/4* -h 3* = \/25 = 5 amp 
240 

Zaq = — = 48 ohms 
5 
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IR 4 

COB 9 = ~— = Z = 0.800 

I llDD o 

^ xc 3 

sin = y- = - = 0.600 
* lino 5 


(see Appendix X) 


9 = 37“ leading 

Ron = Z X cos » = 48 X O.StK) = 38.4 oViina 
= z X ain = 48 X 0.600 = 28.S tdiiiia 
Step 2. Equivalent-series-cricuit diagram (l''ig. 10-22t>) 


Pai-f^-2n. 


Xc^-2S.dji 



/20vofls _ 
60 cycles 


I'k;. \{U22b. 

3. 

= V(19.2 + 10 + 38.4)2 -I- (J4.4 - 28.'8)» 

= Vti7.62 + ( — 14.-1)2 = \/4777 = 6!).l ohms 

, Eun. 120 

luu. = - = T,; . = 1*73 amp 

/ect b!).l 

= PR,,, = 1.732 X 67.C = 203 watts 

A-lVt = X /line = 120 X 1.73 = 208 v-a 
P...., 203 

P-Fcct = = - = 0.9711 

“ A-P„i 208 

ffoct = 12.5'’ leading 

Voltage at group I = Ium- X Z,.,, = 1.73 X 24 = 41.5 volts 
Voltage at R 2 = I-iRz = 1-73 X 10 = 17.3 volts 
Voltage at group II = Igh ii X Z,„, = 1.73 X 48 = 83 volts 

EfjHi 41.5 

= "«r = lo' = 

Euui 41.5 

IxjA = = -7.r = 104 


\/n382~+T.04^ should equal 1.73 = Vl-Ol + 1-08 = ^2.00 = 1.73 
IH 2 = /line = 1-73 amp 
Etiu Ji 83 

I Hi = = rr: == 1-^^ “■"'P 


= 1.04 amp 
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The voltage and current distribution for tliis circuit is shown in Fig. 10-22c. 



(c) Vector diagram, Fig. 10-22ii 



Fio. 10-22d. 
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QUESTIONS 

1. In what manner do the voltage and current characteristics of alternating 
current differ from those of direct current? 

2 . What is meant by the expression that the current and voltage are in phase? 

3. What opposition is offered to the flow of current in a d-c circuit? 

4 . W'hat opposition is offered to the flow of current in an a-c circuit? 

5. Define inductive reactance. 

6. Explain the cause of inductive reactance. 

7. Describe two effects of inductive reactance upon the current in an a-c circuit. 
B. Define capacitive reactance. 

8. Explain the cause of capacitive rcactanc". 
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10. Describe two effects of capacitive reactanre upon the current in an a-c circuit. 

11 . What symbol is used to represent (a) inductive reactance, (h) capacitive re¬ 
actance? 

12. What unit is used to express tlie amount of (a) inductive reactance, (b) ca¬ 
pacitive reactance? 

13. What is meant by a perfect inductor? Capacitor? 

14. Is it possible to construct a perfect inductor? Capacitor? Explain your 
answer. 

IB. What power would be coiLsumed by a perfect inductor? Capacitor? Ex¬ 
plain your answer. 

16. Define impedance. 

17. (a) What symbol is used to represent impedance? (b) What unit is used to 
express the amount of impedance? 

IB. (tt) What is an impedance triangle? (b) How is an impedance triangle drawn 
for a circuit containing resistance and inductive reactance? 

19. How are the resistance and inductive reactance of a practical inductor con¬ 
sidered in calculating a-i: circuits? 

20. IIow’ are. the resistance and capacitive reactance of a practical capacitor con¬ 
sidered in calculating a-c. circuits? 

21. What is meant by a complex circuit? 

22. In solving eomiilex series circuits, how are the following individual factors 
considered; (a) resistance, (b) inductive reactance, (c) capacitive reactance? 

23. (tt) What is a vector? (b) Wliat quantities may be represented by vectors? 
(c) What is the standard direction of vector rotation? 

24. (a) Describe the graphical method of solving vector values, (b) What fac¬ 
tors determine the accuracy of this method of solution? 

25. Exiilain the use of vectors when both voltage and current are to be repre¬ 
sented. 

26. Explain wliat is meant by the expre.ssion: the current and voltage are out of 
phase 

27. What is meant by the exiiression: the current lags the voltage? 

2B. What is meant by the (‘xpre.ssion: the current leads the voltage? 

29. Explain the construction of an inipedancn triangle for a circuit containing 
(ci) resistance and inductance; (b) resistance and capacitance; (c) resistance, in¬ 
ductance, and capacitance. 

30. Describe the vector method of solving a-c circuits. 

31. What is meant by the apparent power? Mow is its value obtained? 

32. What is meant by the volt-amperes of a circuit? How is its value obtained? 

33. What is meant by the actual power of a circuit? IIow may its value be ob¬ 
tained? 

34. What is meant by the power factor of a circuit? How may its value be ob¬ 
tained? 

35. Under what conditions will the powder factor of a circuit be unity (one)? 
Zero? 

36. What is the most desired value for the powder factor of a circuit? Why? 

37. Describe two methods of obtaining the power factor of a circuit by meter 
readings. 

38. What is meant by phase angle? 

39. How is a leading or lagging angle expressed in terms of the voltage and cur¬ 
rent? 
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40. (Jomparc thn linn current in a series a-c circuit witVi the current in its com- 
pnneiit parts. 

41. ('r)iiipare the iinpcflance <jf a series circuit with the impedance of its com¬ 
ponent parts when the circuit contains; (a) resistance and inductive reactance; (/>) 
resistance and capacitivt; reactance; (c) resistance, inductive reactance, and capaci¬ 
tive reactance. 

42. ( 'omparc the lim; voltage of a scries circuit with the voltage of its component 
f)arts when the circuit contains: (a) resistance and inductive reactance; (?>) resist¬ 
ance and capacitive reactance; (cj resistance, inductive reactaiictj, and capacitive 
ri^actance. 

43. (/ompare the line voltage of a parallel a-c circuit with the voltage of its 
component parts. 

44. Ounpari! the impedance f»f a parallel circuit with the im|)edance of its com 
ponerit parts wlien the circuit contains: (a) resistance and inductive reactance; (//) 
n\sistance and coipacitive reactance; (c) resistance, inductive reactance and capaci¬ 
tive reactance. 

NotJ'^: Assume the inductor and capacitor to he perfect. 

46. ('omj)are the line current of a parallel circuit with the current in its com¬ 
ponent parts when tln^ circuit contains: («) resistance anil inductive rea(!taiice; (/O 
resistance and cajiacitive reactance; (c) resistance, inductive reactance, and capacd- 
tive reaclance. 

Notj:: Assume the inductor and capacitor to he perfect. 

46. What procedure is recommended in solving ])arallel a-c circuits? 

47. What is meant liy a parallel-series a-c circuit? 

48. What procedure* is recommended in solving parallel-series a-c circuits? 

49. Wliat is mi'ant hy a series-parallel a-c circuit? 

60. Wliat procedure is recoinineiuled in solving series-parallel circuits? 

PROBLEMS 

1. An audio choke coil used as a jiarallel feed in the i)late circuit of a radio re¬ 
ceiver has a d-c resistance of 405 ohms. The inihictive reactance of this coil will 
vary with the frenuency of (he audihle signal. For a certain low note, its inductive 
reactance is 27011 ohms and for a certain high note 6i)0,JS00 ohms. What is its im¬ 
pedance (n) fur the low note? (5) For the high note? 

2. A lO-henry filter choke has a d-c resistance of 475 ohms, (a) W3)at is its in- 
duclive reactance at 00 cycles? (f)) What is its impedance? 

3. .An iiiiluctance coil has an impedance of 72 ohms and an inductive reactance 
of 00 ohms. What is its d-c resistance? 

4. An 8-/if filter caj)acilor used in the power su))ply of a radio receiver has an 
effective series resistance of S ohms, (a) W'hat is its capacitive reactance at 00 cycles? 
(7)) What is its impedance? 

6. Wdiat current will How through the coil in Frob. 2 w'hen 150 volts is impressed 
across its terminals? 

6 . Wdiat is llie value of signal current flowing through the coil in Prob. 1 when 
the signal voltage is 10 volts (n) for the low note? (5) For the high note? 

7. A filter choke luus an iniiuctive reactance of 5655 ohms and a d-c resistance of 
.'175 ohms, (a) Wdiat is the impedanci* of (he coil to alternating current? (b) What 
is the d-c voltage drop when S5 ma (direct current) flows through the coil? 

8. A coil having a resistance of 5 ohms and an inductive reactance of 6280 ohms 
is connected in scries with a cajiacitor having a reactance of 3200 ohms, (a) What is 
the impedance of the circuit? (f>) W3iat current will flow in this circuit when the 
imijresseil voltage is 20 volts? 
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9. What currnnt will flow in an a-c scrirs cirruit haviiig a rosistanpe of 5 ohms, 
an inductive reactance of 80 ohms, anti a capacitive reactance of 140 ohms when the 
impressed voltagB is 120 volts? 

10. Two inductors are connected in series witli one another across a 800-volt 
power supply. One inductor has a resistance of KiO ohms and an inductive reactance 
of 750 ohms; the second inductor has a resistance of 280 ohms and an inductive react¬ 
ance of 2250 ohms. Find (a) the impedance of the circuit, (/>) current (lowing in the 
line, (c) voltage across each inductor. 

11 . (a) What is the impedance of a scries circuit consisting of a ca))a(d(ive react¬ 
ance of 34 ohms, an iniluctive reactance i»f 276 ohms, and a resistance id 10 olinis? 
((;) ITow much current flows tlirough the circuit when lSO volts is iiupresseil across it? 
(c) What is the voltage across the resistor, capacitor, 
anil inductor? 

12. The antenna circuit of a radio receiver may he 

represented by two inductors connected in series with 
a cai)acitor as shown in J'ig. 10 28. («) What iinped- 

anc.e will an antenna circuit offer to a 12(X)-kc signal if 
La = 120 /xh, Li> = 50/Lih, and C = 100 MMf? (Assume the 
l esistance to be so low that it may be ignored.) (/)) How 
much current will flow in the circuit whim asignal of 1200 
kc and 120 /xv is impressed across the circuit? (c) Wliat 
is tlie voltage across the inductor />/•? 

13. What is the imjiedance of the circuit shown in 1'’'ig. 10-24 for a frequency at 
which A'V'i = 1500 ohms, /I’n = 10 ohms, Xn = 784 ohms, Rri = 5 ohms, Xi.i — fl0,(K)0 
ohms, Rli = 8 ohms, X= 10, (XK) ohms, Rl‘> = 2 ohms? 'J’he im|)resseil voUage/i’ 
is equal to 180 volts. Find the line current and the volt ages I'l, Fa, F 3 , and V 4 . 
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Fm. 10-24. 


14. By means of vectors, fletermine the impedanee of a series eircuit eoiitairmig 
a resistance of 12 ohms and an induetivc reactance of 32 ohms. Cffieck the answer 
by solving for the impeilanci; mathematically. 

IB. A series circuit has a resistance of 50 ohms and a capacitive reactance of 100 
ohms. Determine its impedance graphically and mathematically. 

16. A series circuit contains a resistance of 250 ohms, an indui;tive reactance of 
8000 ohms, and a capacitive reaclancc of 1.500 ohms. Determine the impedance of 
this circuit, using vectors. Cffieck the answer mathematically. 

17. By means of vectors, determine the impedance of the circuit used in Frob. 7. 
How does this answer check with the value obtained mathematically? 

18. A series circuit contains a resistance of 150 ohms, a capacitive reactance of 
850 ohms, and an inductive reactance of 600 ohms. Determine the impedance of 
this circuit by means of vectors. Check the answer matheinalically. 
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IB. An 8-henry choke coil as used in the power supply of a radio receiver is to be 
tested by connecting it to a 120-volt 60-cycle circuit, (a) Assuming the resistance 
of the coil to be zero, determin^e the current, power, volt-amperes, power factor, and 
phase angle, (b) Draw a vector diagram showing the voltage and current relation. 

20 . The choke coil in Prob. 19 has a d-c resistance of 290 ohms. Assume that 
the same voltage is impressed across the coil, (a) Find the current, power, volt- 
amperes, power factor, and phase angle, (b) Draw a vector diagram showing the 
voltage and current relations. 

21. A 30-/if capacitor has a capacitive reactance of 88.4 ohms when connected to 
a 300-volt 60-cycle circuit. The resistance of the capacitor is assumed to be zero, 
(a) Find the current, power, volt-amperes, power factor, and phase angle of the 
circuit, (b) Draw a vector diagram show'ing the relation between the current and 
voltage. 

22. If the capacitor in Prob. 21 has a series resistance of 8 ohms and the same 
voltage is impressed across the capacitor, (a) find the current, power, volt-amperes, 
power factor, and phase angle of the circuit, (b) Draw a vector diagram showing the 
relation between the current and voltage. 

23. The maximum voltage that the capacitor of Probs. 21 and 22 can withstand 
is 400 volts. Is the capacitor rating satisfactory for the power line used? 

24. A scries circuit containing a resistance of 30 ohms, an inductive reactance of 
60 [)hms, and a capacitive reactance of 40 ohms is connected across a 220-volt 60- 
cycle line, (a) Find the impedance, current, power, apparent power, power factor, 
and phase angle, (b) What is the voltage droj) across the resistance, inductive react¬ 
ance, and capacitive reactance? (c) Draw a vector diagram showing the relation of 
the voltages and current for this circuit. 

26. A series circuit containing a 50(X)-ohm resistor, a O.S-Mf capacitor, and a 10- 
henry inductor is connecteil across a 250-vnlt UK)-cycle power suppl 3 ^ (a) Find the 
capacitive reactance, inductive reactance, impedania*, current, power, apparent 
power, power factor, and phase angle, (b) What is the voltage ilroj) aeross the re¬ 
sistor, capacitor, and inductor, respectively? (c) Draw a vector diagram showing 
the voltages and current for this circuit. 

26. An inductor is ctinnecteil in a circuit as shown in Fig. 10 18a. The readings 
taken are 150 volts, 60 cycles, 40 ma, and 0.75 watt, (a) What is the impedance, 
resistance, apparent power, power factor, phase angle, inductive reactance, and in¬ 
ductance of the coil? (b) Draw a vector diagram showing current and voltage rela¬ 
tions. 

27. A capacitor is connected in the circuit in jilace of the inductor (Fig. 10-18a). 
The readings taken are 150 volts, 60 cycles, 150 ma, and 0.5 watt, (a) What are the 
impedance, resistance, apparent power, power factor, phase angle, capacitive re- 
acliance, and capacitance of the capacitor? (b) Draw a vector diagram showing 
current and voltage relations. 

26. The parallel circuit shown in Fig. 10-25 consists of only pure resistances 
and pure reactances. Find (a) the current of each branch, (b) the line current, (c) 
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Fir. 10-25. 
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the impedance of the circuit, (d) power consumed bj' each branch, (r) power taken 
by the complete circuit, (/) tiie volt-amperes of the complete circuit , (//) the line 
power factor, (/») the phase angle between line current and line voltage. (/’) Draw 
a vector diagram of voltage and all currents. 

29. Repeat Prob. 28 for the circuit shown in P'ig. 10-26. 



Fit;. 10-26. 


30. Repeat Prub. 2S for the circuit shown in I’ig. 10-27. 



I'ni. 10-27. 


31. ]tei)eat Prob, 2S fin- I lie circuil shown in I’ig. 10 2S. 



Fio. 10-29. 


33 . A parallel-serire rirruit is shown in Fig. lO-.'M. (a) Finil the eurrent, power, 

power factor and phase anfile for each branch, (h) Find the current, power, apparent 
power, power factor, and pha.?e angle for the complete circuit, (c) Draw a vector 
diagram. 
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34. Repeat Prob. 33 for ilie eircuit shown in Pig. 10-31. 



Fig. 10-31. 


35 . A series-parallel eireuit is shown in Fig. 10-32. (a) Finil the eurrent, power, 

ap])arenL power, power faelor, anil jihase angle of the line. (6) I’iml the voltage 
ami current of each part of the circuit, (c) Draw a veelor diagram. 

R,=30n Rj-ZS/i 
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36. Repeat Proh, 35 for the circuit shown in Fig. 10-33. 


Ri ^/40yi Rg =l2fi 
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Fig. 10-33. 


37. The circuit shown in Fig. 10-34 is sometimes calleil a ?oir-pfis.s' fillvr. (a) 
What is the impedaiire of the capacitor to a 3000-cycle a-f current? (Ij) What is the 
impedance of the capacitor to a 750-kc r-f current? (r) AVhat percentage (approxi¬ 
mate) of the a-f current flovv.s through the capacitor? The output resistor/?n? (d) 

Whal percentage (approximate) of tlie r-f current Hows through the capacitor? The 
output resistor Wn? (<■'► From the percentage of a-f and r-f currents that How through 
tho output resistor, justify the designation of the circuit as a low-pass filter. 
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Fin. 10-34. 

38. The rircuil shown in l^ig. 10-35 is somnlimes L'.'illeil a high-paas filler, (u) 
What is the ini|i(Mlanc(^ of the intluelur to a 3(KX) r*yrli‘ a-f rurieiit? (5) What is I he 
iinpeflance of the inductor to a 750-kc i-f current? (t) Wlml percent af^e (approxi 
mate) of the a-f [•urrent Hows through t,lie inductor? Tlie output resistor Ro'^ (d) 
What jiercentage (ajijiroximate) of the r f current Hows tlirough the inductor? The 
output resistor /(!ii? (c) From Lhe percentage of a-f and r-f currents t hat Jlow tlirough 

the output resistor, justify the designation of the circuit as a high-jiass filter. 


R^^SOOOji 



39. Figure 10-3G shows a combination of capaidtors anil inductors, (ri) What 
is the iiiiiiedanee of tlie ca|)acitors to an a-f current of 2(K)0 cycles? An r-f current 
of 1500 kc? (fi) Wliat is the impedance of the inductors to an a- f currioit id 2(KK) 
cycles? An r-f cuiTciit of 15(X) ke? (c) Can this circuit be elasseil as citlier a high- 
pass or a low-pass filter? Kx)dain. 

Q=00005juf C2^0.m5/uf 



40. Figure 10-37 sliows a combination circuit of cajiacilors and inductors, (o) 
What is the impedance of the inductors to an a f current of 5(X) cycles? An r-f current 
of 550 ke? (f;) What is t he impedance of the capacitors to an a-f curriuit of 500 cycles? 
An r-f current of 550 kc? (c) Oaii this circuit be classed as either a high-pass or a 
low-pass filter? Explain, 

L/j -/Omh 


L2^=lOmh 




CHAPTER XI 


RESONANCE 

Resonant eirouits are one of the most important types of circuits used 
in radio and telijvision receivers or transmitters. The principles of reso¬ 
nance as applied to these circuits arc used to increase the signal voltage and 
current at a desired frequency and to decrease the signal voltages ami 
currents lor all other frequencies. In operating a radio or television 
receiver, the desired program is obtained by tuning the receiver. Actually, 
the tuning circuit of the receiv^cr is adjusted so that it is in resonance ^vith 
tlie t-arrier frequeimy of tlie station transmitting the desired program. This 
is just one of the many applic^ations of resonant circuits as applied to radio 
and electronics. 

11-1. Resonance. Resonance is a condition that existswhen theinLlucl- 
ivt? reactan(;e and the capacitive reactance of a circuit are ecjual. Under 
this condition, the elTective or total reactance of a series resonant circuit 
will be zero and its impedance will be equal to the resistantie of the circuit 
[see Va\. (10-1 )|. The impedance will therefore be at its minimum value, 
and the current will be at its maximum value. As the current is at its 
maximum value, the power of the circuit will also be at its maximum value. 

Resistam-e is the only opposition that a direct current has w hen it flows 
through an electric circuit. When an alternating current flows through 
a circuit, its flow is opposed by the combined effects of resistance and 
reactance which is called impvdancc. The opposition to alternating current 
olTered by a resistance is the same as tliat olTered to a direct current. In 
Uliap. Vm, it was shown that the current due to inductive reactance lags 
the voltage l)y 00 degrees. In Chap, IX it was shown that the current due 
ti) capacitive reactance leads the voltage by 00 degrees. Therefore the 
elTects of inductive reactam e and capacitWe reactance are 180 degrees out of 
phase with one another. The resultant reactance of the circuit is there¬ 
fore equal to the algebraic sum of its inductive and capacitiv^e reactances. 

If either the capacitor or inductor in a series circuit can be adjusted so 
that their individual reactances are equal, the total reactance of the circuit 
will be zero and the impedance of the circuit will be equal to its resistance. 
Such a circuit is called a aeries resonant circuit. The action of a resonant 
circuit is best explained by reference to graphs illustrating the variation in 
the circuit conditions at and near resonance. 
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11-2. Graphs. Use of Graphs. A graph is a pictorial representation 
illustrating the manner in which one factor varies with changes in any other 
factor on which it is dependent. Graphs are used in all branches of radio 
to illustrate the operating conditions of the various circuits and parts used. 
Radio manufacturers use graphs to illustrate the operating features of their 
products. Many of the answers to radio and television prol)]ems can be 
explained better if the residts of the problem are plotted in the form of a 
graph. The characteristics of a circuit for various operating conditions 
can be compared with one another more easily and understf)od much better 
when illustrated on a graph than from using the comparison of a number of 
figures representing the results for the same operating conditions. It is 
therefore desirable to kno^v how to plot and interpret graphs. 

Simple Graphs. The simplest type of graph is one illustrating the 
variation of two quantities with one another, lliis type of variation is 
generally plotted on crf)ss-section paper i*allod graph paper. This priper 
consists of a series t)f vertical anil horizontal lines di'awn so that the squares 
formed by these lines are all of eciual area, as shown in Fig. 11-1. One of 
the horizontal lines is used as a refereru^e line to represent one of the 
quantities and is marked with a suitable scale of values as 0, 1,2, 3, shown 
on Fig. 11-1; all distances in a horizontal direction are called abscissas (or 
abscissae). One of the vertical lines is used as a reference line to represent 
the other quantity and is also marked with a scale (though not necessarily 
the same scale), such as 0, 5, 10, 15, as shown on Fig. 11-1; all distances in a 
vertical direction are called ordmaivs. The point where these two lines 
meet is called the poiiit of origin and repri'sents zero valium for l)oth quanti¬ 
ties. For ease in plotting and reading graphs, each square is made to repre¬ 
sent either one, two, or five units or some multiple thereof. The square 
farthest from the point of origin should represent a value etiiial to or slightly 
greater than the maximum value to be plotted, and each square between 
these points represents a definite fraction of this value. 

Independent and Dependent Variables. When plotting graphs, the inde¬ 
pendent variable is plotted as the aV)Scissa and the dependent varial)le as 
the ordinate. For example, in Hg. 11-1 the line A was plotted to show the 
values of voltage required to push currents of 2, 4, 0, 8, and 10 amperes 
through a five-ohm resistance. Because current is the unit to which values 
have been as.signed, it is the indeperuUmi variable and hence is plotted as the 
abscissa. The value of the voltage is dependent on the assigned value of 
the current, E = IR, and is called the dependent variable; hence it is plotted 
as the ordinate. Values of the ordinates must be obtained for definite 
values of the abscissas. These values are then plotted on the graph paper 
by making points along the ordinate scale at values corresponding to the 
amount that was obtained for the definite values of abscissa. A line is 
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drawn through this scries of points to form a straight or curved line. This 
line represents the variation of the two quantities Avith respect to one an¬ 
other and is very useful for finding the value of the variable quantity for 
any value of the quantity being varied. These operations and principles 
can l)est l)e explained by plotting a fcAv typical curves. 

11-3. Plotting, Use, and Interpretation of Curves. By substituting a 
series of values in any mathematical equation, the results obtained will show 
how one quantity is affected by any change in another. If these results are 
plotted in graph form for each of the values used, a curve can be obtained 
that will illustrate how a factor of this equation varies with the values sub¬ 
stituted. Therefore we can plot a curve for any equation in electricity to 
illustrate how the variable quantity changes Avith the value being varied. 

Exam-plv, 11-1. Plt)t a r.urvn .showing how the voltage required to force a current 
thi'ougli a five-t)hin rcsi.slor varies with current.s of 1 to 10 amperes. 

Using I'h|. (2 hj, E = I X R, we ean ohtain live points for the curve hy sul)- 
stituting 2, 4, 0, 8 and 10 ainperes for the eurreiit, the resistaiiee remaining constant 
at five ohms. These values should he listed in the following tabular form: 


Table XI-1 


/?, ohms 


I, amperes 


5 

5 

5 

5 

5 


2 

4 

6 


8 

10 


E^ volts 


10 

20 

30 

40 

50 


For this graph, the currenl is the r(uanti(y being varied and is, therefore, the 
absrissa. Tlir voltage is the depeiidenl variable and is therefore, the ordinate. 
The reference abscissa is ilivided in equal divisions representing current in amperes, 
and the reference ordinate is divided into equal divisions representing the vedtage 
required in volts. Heferriiig to Fig. 11-1, a line is drawn jiarallel to the ordinates 
at the two ampere mark on tlie referenee absrissa; another line is drawn parallel to 
the abscissM.s at the 10-volt mark on the reference ordinate. The point where these 
two lines meet gives one point for the curve to be drawn. Repeating this process 
for the results obtained I'or 4, 0, 8, and 10 amjieres, four more points are obtained 
for the curve. A line is drawn through points 1, 2, 3, 4, and 5. This line illus¬ 
trates the manner in whitdi the voltage in a circuit varies with the amount of current 
flowing. 

Graphs Containing a Svrirs of Curvvs. If necessary, more than one curve 
can be plotted on the same graph. If the resistance in Example 11-1 Avere 
increased to eight ohms, Ave should sul)stitute eight ohms for the resistance 
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value and obtain five points for the curve as before. This curve is shown 
in Fig. 11-1 as curve B. Graphs having a series of curves are quite common 
in radio Avork as they are very useful in illustrating more than one variable 
condition. For example, by referring to Fig. 11-1 we can see how much 
voltage is required for increases in current and how this voltage varies willi 
an increase in resistance. 



Fir:. 11-1. — CurvRK sliuwiriK Hip varisitinii rif vnltiiRr* with furriMit in u L'iir-uit. thirvo A fur 
a pircuit whose rCHistaiicc i.s 5 ohin.s and purvn H for a r-irnuit whrjae rusistuiifp is 8 ohms. 


Nonlinear Curves. The curves in Fig. 11-1 are straight lines. An 
illustration of how a curved line graph is obtained is shown liy the following 
example. 

Example 11-2. By means of a graph, illustrate how the power in a circuit having 
a resistance of 10 ohms changes as the current is varied from 0 to 10 amperes. 

Using Ei|. (2-14), P = PR, we can obtain jioiiiLs for the curve by substituting 1, 





396 


ESSENTIALS OF ELECTRICITY 


[Art. 11-3 


2, 3, 4, 5, 6, 7, 8, 9, anti 10 for the current I. Listing the results in tabular form 
we have; 


Tablk XI-II 

R, ohms 

/, amperes 

watts 

10 

1 

10 

10 

2 

40 

10 

3 

90 

10 

4 

160 

10 

5 

250 

10 

6 

360 

10 

7 

490 

10 

8 

640 

10 

9 

810 

10 

10 

1000 


For this Kiaph, the current is the quantity being varieil and is therefore the 
abscissa. The power is the dei)endent variable and is therefore the ordinate. The 
abscissas and ordinates are divided in equal divisions anil marked to represent cur¬ 
rent and power, respectively. The 10 points for the curve are now located in the 
same manner as in the ])revious exami)le. d’his graph is shown in Fig. 11-2. The 
line joining thest; points is a curved line and should l)R drawn with the aid of a French 
curve. In order to obtain an accurate representation of the variation of two riuanti- 
ties when this variation produces n curved line, it is necessary to plot as many points 
as practical. 



Filj. 11-2.—Curve showing the variation of power with current in a circuit whose resistance 
i.s ID ohms. 
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Point of Origin, The point of origin is not always drawn at the extreme 
ends of the abscissa and ordinate. When negative values are used, the 
point of origin may be at the center of either or both of the reference lines. 
Figure 11-3 illustrates the variation in plate current of a tube Avith various 
values of grid voltages. As the potential on the grid varies from negative 
values to positive values, the point of origin is drawn at the center of the 
abscissa. 



Voltcuge on the grid, JS'p i 

J'lri. 11-.'^.—Curve .showing thr* variation in (hp plntc? nurroni of ri tulu* with flianKP.s in Ihp 
grill voltagp. C'Dinrrionly fallprl ;iii E(jJ fui vo. 

TnlvrprElation of Curves. Curve.s are very useful in determining the 
value of any quantity for any condition shown on the graph. An ordinate 
may be draAvn from any point on the abscissa, and the correspttnding value 
of the variable fiuantity is read from the point Avhere this line crosses the 
curve. Referring to Fig. 11-1, 25 volts is required to force five amperes 
through a resistance of five ohms, and 40 volts will be retiuired if the resist¬ 
ance of the circuit is increased to eight ohms. Referring to Fig. 11-2, the 
power in the circuit with 3.5 amperes flowing is 122 watts. In Fig. 11-3 the 
plate current output for the tube is 3.35 milliamperes when its grid voltage 
is adjusted to negative 0.5 volt. 

A graph is a visual illustration of the relation between two factors. 
When one factor is increased, the other will either increase or decrease. 
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If joining the series of points plotted on the graph paper forms a straight 
line, the two factors are proportional to one another. If one increases when 
the other is increased, the two factors are directly proportional to one 
another. If one increases when the other is decreased, the two factors are 
inversely proportional to one another. When the series of points forms a 
curved line, the two factors may be varying with eatdi other according to 
the square law, as in Fig. 11-2, or according to some complex equation. 

Curves are also usefiil in indicating whether or not the figures secured 
in an experiment are correct. For example, the curve shown in Fig. 11-3 
was plotted from results obtained from a laboratory experiment; points 
A and B do not fall on tlie curve that goes through the other points. There¬ 
fore, it is assumed that tlu*se points were incorrectly taken, and the adjust¬ 
ments that, prorluced these values should be repeated in order to check the 
results. There are a number of other interpretations of curves, and these 
will be taken up as the need arises. 

11-4. Series Resonance. (\>tulition of Resonance. A fixed inductance 
coil and a variable capacitt)r are connected in series with a signal input to 
form a resonant circuit as shown in Fig. 11-4a. ddie resistance R is not a 
separate rt^sistance ])ut represents the total resistance of the coil, capacitor, 
and the conductors in the circuit. Keferring to Fq. (S-ti), A"/, = 27r//>, it can 
be seen tliat t he induct iv(‘ reactance of a circuit will iruTease with an increase 
in frefiuency. Riderring to Va\. (9-3), Xc = 1 it can be seen that the 

capacitive reactance of a circuit will increase as the frequency tlecreases. 
A resonant circuit will have its inductive reactance equal to its capacitive 
reactance at one value of frequency. 

If this frequency is kept constant and the capacitance of the circuit is 
varietl, the capacitive reactance will vary. When the capafdtance is 
increaseil, the cajiacilive reactance will ilecrease and the resultant reactance 
(A",, — A'tO will increase. When the capacitance is decreased, the capacitive 
reactiince will increase and the resultant reactance (A';. — A"r) will also 
increase. The current flowing in this circuit will be equal to the input 
signal voltage divided by the impedance, i = e/z. Therefore, vhen the 
impedance is large, the signal current will be small. Hy adjusting the 
variable capacitor, the i-apacitance of the circuit can l)e changed. The 
capacitance of the circuit can be adjusted so that for a given input frequency 
the capacitive reactance can be made ecjual to the inductive reactance. 
The series circuit is then at resonance for the frequency of the input signal, 
anil the current flowing in the circuit is at its maximum value since its only 
opposition is the resistance of the circuit. 

Relation hetu'cen f, L, and C a/ Resonance. At resonance, the inductive 
reactance is equal to the capacitive reactance; therefore 


= 2V/;c 


(11-1) 
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where/r = resonant frequency, cycles per second 
L = inductance, henries 
C = capacitance, farads 

We can now solve for the resonant frequency by multiplying both sides of 
the equation by fr and dividing both sides by 27 rL. 




1 




( 11 - 2 ) 


Taking the square root of both sides of the equation, we have 

1 

~ 2^ y/W 


(11-3) 


This is one of the most important ecpiations in radio work. Using this 
equation as a basis, the equations used for calculating all tuned circuits, 
filters, oscillators, etc., are derived. In some radio circuits, ilie inductance 
may be fixed in amount, and it is then nei*essary to del ermine the amount of 
capacitance needed to meet the specified conditions of the circuit, while in 
others the c.apacdtance may b(‘ fixed and the amount of inductance neiMled 
must be calculated. The value of inductance or capacitance' l etiuired can 
be easily found by transposing 1'a\. (11-2) to sohi' for the inductance in 
terms of capacitance and fretpiency or to solve foj- llu' capar'itancc' in I t'rrns 
of inductance and frequency. Multiplying l)oth sides of JOq. (11-2) by 
L and dividing both sides by/r, the equation for the iiuluctaiice of a resonant 
circuit becomes 


L = 


1 


(11-4) 


Multiplying both sides of Eq. (11-2) by C and dividing both sides by fr^ 
the equation for the capacitance of a resonant circuit becomes 


C = 


1 


(11-5) 


fr^L 

At radio frequencies, frequency is generally expressed in kilocycles, the 
inductance in microhenries, and the capacitance in microfarads. A more 
practical form of Eq. (11-3) is one in which the factors are expressed in the 
above units. If L is expressed in microhenries, (J in microfarads, fr in 
kilocycles, and 1 is divided by 0.28 (27r), Eq. (11-3) may be written as 

159 

fr = ( 11 - 6 ) 


In a similar manner, Eqs. (11-4) and (11-5) can be expressed in terms of 
microhenries, microfarads, and kilocycles; thus 


_ 25,300 
fr^C 


(11-7) 
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and 


25,300 

PL 


( 11 - 8 ) 


The following examples will illustrate the practical application of these 
equations. 


Example 11-3. What is the resonant frequency of a series circuit having an 
inductance of 250 microhenries if the capacitor is adjusted to 350 micromicrufarads? 


Solution; 


Given; 

C = 0.00035 /lif 
L = 250 /xh 


/r = 


159 

Vlc 


Find: 

fr = ? 


159 


\/250 X 350 X 10"“ 
159 


0.290 


= 538 kc 


Example 11-4. What value of inductance is required in a series circuit having 
a capacitance of 250 micromicrofarads to produce resonance with a 500-kilocycle 
signal voltage input? 


Solution; 


Given: 

C = 0.00025 Axf 
/ = 5(X) kc 


L 


25,300 

Jr^C 


Find: 

L = ? 


_ 25,300 _ 

500 X 500 X 250 X 10"® 


= 405 fih 

Example 11-5. To what value of capacitance must the variable capacitor of a 
series circuit be adjusted to j)roduce resonance at 600 kilocycles if the inductance 
of the circuit is 300 microhenries? 

Given: Find: 

L = 300 xih C = ? 

- 600 kc 

Solution: 

25,300 

_ 25,300 

“ 600 X 600 X 300 

= 0.000234 nf 
= 234 
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11-6. Resonance Curves. If a voltage of ronstant frequency is applied 
to a series circuit containing a fixed inductance and a variable capacitance, 
the circuit ma^^ be adjusted so that it will be resonant at this frequency. 
If the frequency of the applied voltage is then varied frt)m a value starting 
below the frequency of resonance and gradually increased to a value beyond 
the frequency of resonance, the current floAving through the circuit will vary 


L^/ 06 ah 


C-/06/i,juf 


Input 

signal voltage. 

tSOOkc 


> curve A 

'* yOntbrcurvcB 



0 I 1-1 I I I I 
1470 I4B0 1490 1500 1510 1520 1530 


Frequencv, kilocycles 


ih) 


Fin. H-4. —Series resonance: (a) a series rc.sonant circuit, (5) resonance curves of the circuit 
shown in (a). 


from a very low value at a frequency below resonance, increasing until the 
frequency of resonance is reached. At this point the current will be at its 
maximum value and Avill decrease to a very low value again Avhen the fre¬ 
quency is increased beyond the frequency of resonance. This variation 
in signal current with frequency change is best shown by a resonance curve. 

Method of Obtaining Resonance Curves. Figure ll-4b shows two reso¬ 
nance curves for the series circuit of Fig. ll-4a Avith two values of R. The 
values used to plot these resonance curves are given in Table XI-III. They 
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were obtained by substituting the values of R, Xl, and Xc in Eq. (10-1) 
for a number of values of frequency above and below the frequency of 
rescrtiance. As the circuit is resonant at 1500 kilocycles values were ob¬ 
tained for frequencies between 1470 and 1530 kilocycles. Examination of 
the curves shows that no appreciable current flows until the frequency is 


Table XI-III 


Frequency, 

kc. 


Xc 

R 

z 

I ma. when 
E = 0.5 

1470 

980 

1020 

5 

40.31 

12.4 

1475 

983.5 

1016.5 

5 

33.37 

14.98 

1480 

987 

1013 

5 

26.47 

18.8 

1485 

990 

1010 

5 

20.61 

24.2 

1490 

993 

1007 

5 

14.86 

33 6 

1495 

997 

1003 

5 

7.81 

64.02 

1500 

1000 

1000 

5 

5.0 

100 

1505 

1003 

997 

5 

7.81 

64.02 

1510 

1007 

993 

5 

14.86 

33.6 

1515 

1010 

990 

5 

20.61 

24.2 

1520 

1013 

987 

5 

26.47 

18.8 

1525 

1016.5 

983.5 

5 

33.37 

14.98 

1530 

1020 

980 

5 

40.31 

12 4 

1470 

980 

1020 

10 

41.23 

12.1 

1475 

983.5 

1016.5 

10 

34.48 

14.5 

1480 

987 

1013 

10 

27.85 

17.9 

1485 

990 

1010 

10 

22.36 

22.3 

1490 

993 

1007 

10 

17.20 

29.1 

1495 

997 

1003 

10 

11.68 

42.8 

1500 

1000 

1000 

10 

10.0 

50.0 

1505 

1003 

997 

10 

11.68 

42.8 

1510 

1007 

993 

10 

17.20 

29.1 

1515 

1010 

990 

10 

22.36 

22.3 

1520 

1013 

987 

10 

27.85 

17.9 

1525 

1016.5 

983.5 

10 

34.48 

14.5 

1530 

1020 

980 

10 

41.23 

12.1 


approximately 1470 kilocycles. The current increases slowly until the 
t'r(M]\iency is very close to the resonant frequency. Then the current in¬ 
creases very rapidly until the maximum current is reached at the frequency 
of resonance. As the frequency is increased beyond resonance, the current 
decreases very rapidly at first and then decreases more slowly until no 
appreciable current flows at approximately 1530 kilocycles. In radio, a 
circuit that is or can be adjusted so that it is resonant for a definite fre¬ 
quency is referred to as a tuned circuit. 

Effect of Rfsi<ita7icv i^i Scries Resonant Circuits. At resonance, the 
strength of the current flowing in a series tuned circuit is dependent entirely 
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upon the resistance of the circuit as is shown in the following steps; 

E 


I = 


Z 


and Z = + (Xl - XcY 

but with resonance Xl = Xc 

then Z = = R 


(8-9) 

( 10 - 1 ) 


(11-9) 

(11-10) 


Figure ll-4b shows the resonance (turves for Iwo circuits luneil to the same 
frequency, one having a resistance of hvi‘ ohms and the other a resistance of 
10 ohms. At resonance, the current flowing through the circuit having five 
ohms resistance is twice the amount flowing through the circuit luiving 10 
ohms resistance. Therefore, to produce maximum current, it is best that 
the resistance of a series tuned ciiaaiit he as small as possil)le. 

11-6. Circuit Q. Dcfinitioji of Circuit Q. The ratio of the inductive 
reactance of a tuned circuit to the resistance of the circuit is referred to as 
the Q of the circuit. Expressed mathematically 

Q = (11-11) 


As R is the resist ance of the entire series cirtaiit, its value will he higher, 
though only slightly higher, than the resistance of tlie coil. The circuit Q 
will therefore he less than the coil Q. I'lit* difterence between the values of 
the circuit Q and the c'oil Q is nunnally small because the resistance of the 
capacitor and connecting wires of the circuit is small compared with the 
resistance of the coil. 

Relaiion between Circuit Q ami the Slope of the Resonance Curves. The 
slope of the resonance curve is determined by the Q of the resonant circuit. 
This can be S(‘en by the relative slopes of the two curves in Fig. 11-4/j and 
can l)e explained in the following manner. 

At resonance, the impedance of the series circuit bet omes equal to R 
and therefore the current is inversely proportional to the resistance as shown 

by 


also, 


I = ^ 

' R 


(11-12) 

II 


(11-13) 

II 

II 

EQ 

(11-14) 


Q 


therefore, 
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The current at resonance is therefore also directly proportional to the 
i-ircuit Q. It may now be stated that the higher the resistance, the lower 
the i;urrent and circuit Q will be, while the lower the resistance, the higher 
the current and circuit Q will be. 

The impedance of the circuit for frequencies differing appreciably from 
the resonant frequency is practi(;ally equal to the reactance of the circuit, 
because at these frequencies the reactance is much greater than the resist¬ 
ance and the impedance becomes practically equal to tlie reactance of the 
circuit. The current at these frequencies is therefore practically independ¬ 
ent, of the circuit resistance. Increasing the circuit resistance, which also 
lowers the circuit Q, will decrease the current at resonantie without affecting 
the current at frequencies differing appreciably from resonance. This 
action can be seen by observation of the two curves in Fig. 11-41;. The 
slope of the curve having a high circuit Q is steep. When the resistance of 
the circuit is increased, the current at resonance will decrease, thus detireas- 
ing the slope of the curve. This slope is very important in tuning and 
filter circuits and will be discussed in more detail in subsequent articles. 

Rdaiion between the Width of the Resonance Curve and the Circuit Q. 
The width of the resonance curve can be used as a measure of the ability of 
a circuit to select the signal at a desired frequency and to eliminate the 
signals of all other frequencies. This characteristic is very important in 
tuning and filter circuits. It is general practice to measure the width of 
resonance curves at the point where the current is 0.707 times the current 
at lesonant frequency. 

I'his condition of 7 = 0.707/r will occur when the effective reactance 

— Xc is etiual to the resistance R. This is shown mathematically in 
the following steps: 


I = 


_ E _ 


(11-15) 


Substituting 72 for A'l — Xc, then 


0.707 ® 


(11-16) 


Substituting 7, for — , 

7l 

I = 0.7077. 


(11-17) 


If the frequency of the impressed voltage is varied both above and 
below the frequency of resonance, two a alues of frequency /i and fi can 
be obtained that will produce currents 7i and h each equal to 0.7077., as 
shown in Fig. lt-5. The width of the resonance curve at this point is 
fi ~ /i and is generally referred to as the Avidth of the band. The circuit Q 
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can be expressed in terms of these frequencies and is equal to the resonant 
frequency divided by the difference between the two frequencies required to 
obtain a current of 0.707/^. This is shown mathematically in the following 
steps. 


^ _ Xl _ 27r/rL 

^ R R 

kSubstituting Xl — Xc for then 



Frequency, Uilocyclcs 


Fig. 11-5.—Rcsonam e nirve.s with the wirltli uf the blind (/z — /i) indinated. 


(11-18) 


(11-19) 


However, as the eondition of A'i — A'’c = H occurs at/i and/z, then Xi. — 
Xc will also be equal to 2irfjy — 2wf,L, and substituting this in the above 
equation, it becomes 


2wfyL _ /. 

2TrfJy - iif,L 7z -7l 


( 11 - 20 ) 


The quantity/z — fi is referred to as the width of the frequency band and 
may be expressed mathematically as 


fi 



( 11 - 21 ) 


Substituting XJR or 2irj,hlR for Q in the above equation, it becomes 


f - f = ^ = JL 

■'* •" 2irfrL 2vL 


( 11 - 22 ) 
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From this equation, it can be seen that the width of the resonance curve 
is directly proportional to its circuit resistance and inversely proportional 
to its inductance. In order to obtain high selectivity in tuning circuits 
of a-m radio receivers, it is essential that the Avidth of the resonance curve 
be as narrow as practically possible. Fliis means that the resistance of the 
circuit must be small and the inductance of the coil high; in other words, the 
circuit Q must be high. 


Exam-ph 116. A scricH iuriorl circuit htis a resist anre uf five ohms anti an induct- 
aiUH! of 225 init;r[>liciirirs. {a) What is th^^ width in cycles of its resonance curve at 
a point where the curroiil in tin* circuit is ctiual to 0.707 times the current at reso¬ 
nance? (/>) If tlic resistance of the circuit is increased to 10 tthms, how does this 
change affect the width of thi* resonance curve? 

tliven: Find; 

H = 5 ohms fi — f\ = ? 

L = 225 n\i 

R = 10 ohms h — fi = ^ 

L = 225 ph 

Solution; 


(a) 


il>) 




'lirL 


6.2S X 225 X 10 
10 


6.2« X 225 X 10 ® 


~ = 3538 cycles 
= 7076 cvcles 


11-7. LC Product. UvUiiioii of fr, nnd Observation of the equa¬ 
tion for finding the freiiucncy of resonance of a resonant circuit [lap (11-3)] 
will indicate that tluae is a definite relation between the freiiuency of 
resonance and the inductance and capacitance of tlie circuit. If the values 
of any two of these quantities are known, tlie third can be found y)y sub¬ 
stituting the known values in this etiuation and solving for the unknown 
quantity. Solving by use of this equation is not always practicable; there¬ 
fore other simple means have been devised. 

LC Product. Close observation of the abot e equation Avill shoAv that 
the frequeiHT of resonance is dependent on the product of the inductance 
and capacitance of the circuit. Therefore, for each value of L times C 
there can l)e only one freciuency at which resonance occurs and, conversely, 
there can be only one LC product for each resonant frequency. If the LC 
product for a desired frequency is known, the capacitance required can be 
found by dividing this product l)y the value of inductance used, or the 
inductance required can be found by dividing the LC product by the 
capacitance used. Values of L times C for commonly used frequencies are 
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oftm listed in tabular nr graphiral form. Thc'sp i*harts or tables ran bo 
found in many radio roforonro books. A tabular listing of the LC produrt 
is found in the authors’ Esscntinli; of Radio. 

LC Checker. Another prartiral means of tindiny, the value of the un 
known variable quantity of a resonant rirruit is by the use of an instrument 



Fig 11-G —An LC rhc*rkpr aiul lwr» of its applirulions L(*ft, thn LC I'hpikor; upper riKtit, 
chppkinR the iiuluptLiiirt' nf a rfiil, lower riRlit, rliei-kiiiK the eapiir itMtire of a r apar-il or in ii 
radio rerei\ er (^rroi r»j CorjmrntinJL ) 

such as the LC rheeker shown in Fig. H-G. This instrument tests combina¬ 
tions of inductance and capacitance for their resonant frequencies. Jt can 
therefore be used to adjust a circuit or system to its proper operating point. 
The capacitance of any capacitor can also be checked at any radio frequency 
without removing the capacitor from the circuit. 

LC Ratio. As the frequency of resonance of a circuit is only dependent 
on its LC product, it can be seen that any number of different combinations 
of L and C can be used to obtain the same resonant frequency. The value 
of inductance can be made greater than, less than, or erpial to that of 
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such. This may best be done by assigning values to R, L, and C and 
solving for the reactances and impedances at a number of frequency values. 

Circuit Calculaiiona. The frequency of resonance for the circuit of Fig. 
ll-8a is 


= 


159 

Vlc 

vToo X io(i X 10 ^ 
2 


159 


= 1500 kc 


\R-fOji 

[ C 


C- 106 fJLfJLf^ 


fri.) 




1470 14 60 1490 1500 1510 I5ZD 1530 

PrequencY, kilotydes Frequency, kilocytlES 

(/O CiO 

In;. ll-S. I’liralli'l rpsi)iiMiu*iv (a) a parallel reaDiiant rircuit, (5) nvirrent rRSOiiaiiP-e nurvea 
(f) inippclaiire resunaiifi* cur vim. 

The inductive reactance of the circuit at resonance is 
Xi. = 27r//> 

= (i.28 X 1.5(X) X 10’ X lOG X 10”' = 1000 ohms 
The capacitive reactance of the circuit at resonance is 
1 


= WC 


1 


ii.28 X 1500 X 103 X 106 X lO'^^ 


= 1000 ohms 
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The impedance of the circuit can be found in the manner described in Art. 
10-10. This requires assuminji; a voltage for the circuit, and for ease in 
mathematics a value of 1000 volts will be used. Then, at resonance 

r ^ ^ _^ ^ _ 1000 

‘ ' Zi v7?;! + Vlo-+ 1000= ~ 1000.04 “ l 


Note. Ah is so small compared with tliat its effect on /i may 
readily be neglected. 

Ai 10 . X;,, 1000 

= 1000 =‘"“'’■ = -z;-iooo 

E- E; 1000 


CO>S 01 = 


1.0 


/a = 


A'„ 

1000 = " 


1000 


= 1.0 ampere 


sin di =-^ ^ 


1000 

UK)0 


= 1.0 


losing Eq. (10-7) 

-f line ~ \^(A COS -f- I2 COS ^2)“ “h (dr/i sin 0 \ dc /‘I sin On)" 

= \/(l X 0.01 + I X 0)= + (-1 X 1.0 + I X i.op 
= V(1 X 0.01)= + 0 = 0.01 ainporc 


TUrn X = = 100,000 olims (11-27) 

• lini^ 0.01 

Paralld RcwnancE Ciirvr.^. Ity repeating (he abova' steps for a number 
of different freiiuencies, a .s(‘t of vahuvs may be ol)tained for the plotting of a 
resonance curve. A parallel resonaiicf* cuJVf‘ is generally plotteil with 
fietiuency as the absci.ssa and impedance as tlie ordinali‘, although occa- 
sionalh^ curves may be plotted with current as the ordinate. In Talde 
Nl-IV a set of values for the circuit of Fig. 11-Hr/ is shown, and resonant 
curves plotted from these walues are shown in Figs. 1 l-Kf> and r. 

SimpUficd Method of (ddndnlinfj the Inipnlanrc of a Paralhd C/rriu7. 
The method used abo\’e for calculating the imperlance of a parallel circuit 
r‘an be used for any circuit with two or inoia* parallel brani-.hes. Tlu^ method 
is lengthy but gives accurate results. When a circuit consists r)f only two 
parallel branche.s, the impedance may also be found by the eipiation 






Z,Z2 

z, + Z2 


(11-28) 


where Zp = impedance of the parallel circuit 
Zi = impedance of branch 1 
Zo = impedance of branch 2 
Z, -h Z 2 = series impedance of the circuit 
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This equation provides an easier means of calculating the impedance 
and will produce accurate results if the resistance is small compared with 
the reactances, as is the case in radio circuits with high values of Q. With 
high values of Q, the resistance may be ignored in the numerator of the 
equation but must be included in the denominator, for Zi + Zz is equal to 


Table XI-IV 




Xc 

R 

z 

(approx.) 

I ma. at 
£: = 100 

1470 

980 

1020 

5 

25,000 

4.00 

1475 

983.5 

1016.5 

5 


3.33 

1480 

987 

1013 

5 

38,000 

2.63 

1485 

990 

1010 

5 


2.08 

1490 

993 

1007 

5 


1.49 

1495 

997 

1003 

5 

128,000 

0.78 

1500 

1000 

1000 

5 

200,000 

0.50 

1505 

1003 

997 

5 

128,000 

0.78 

1510 

1007 

993 

5 

67,000 

1 49 

1515 

1010 

990 

5 

48,000 

2 08 

1520 

1013 

987 

5 

38,000 

2.63 

1525 

1016.5 

983.5 

5 

30,000 

3.33 

1530 

1020 

980 

5 

25,000 

4.00 

1470 

980 

1020 

10 

24,250 

4.12 

1475 

983.5 

1016.5 

10 

29,000 

3.44 

1480 

987 

1013 

10 

36,000 

2.78 

1485 

990 

1010 

10 

44,500 

2.25 

1490 

993 

1007 

10 

58,000 

1.72 

1495 

997 

1003 

10 


1.17 

1500 

1000 

1000 

10 


1.00 

1505 

1003 

997 

10 


1.17 

1510 

1007 

993 

10 


1.72 

1515 

1010 

990 

10 

44,500 

2.25 

1520 

1013 

987 

10 

36,000 

2.78 

1525 

1016.5 

983.5 

10 

29,000 

3.44 

1530 

1020 

980 

10 

24,250 

4.12 


the impedance that the circuit would have if it were connected as a series 
circuit. 

Example 11-8. Calculate the impedance of the parallel resonant circuit of Fig. 
11-8a for a frequency of (a) 1485 kilocycles, (5) 1500 kilocycles, (c) 1530 kilocycles. 

Note 1: As the circuit Q is high, ZiZ-j may he taken as XiXr ■ These values 
appear in Tahle XI-IV and will be taken from the table. 

Note 2: Zi -|- Zi is equal to the series impedance of the circuit, and at points 
near resoiiaiicc it must include the resistance whether it is large or small. Therefore, 

2. + Z. - VK'+'(Xl 
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Solution: 


R = 1Q 
Xl = 990 
Xc = 1010 

72 = 10 
A",, = 1000 
Xc = 1000 


R = 10 

Xl = 1020 

Xc = 980 


(a) 7^p = 




(fc) Zp 


_990 X 1010 

Vij^loiK) - ioio)> 

44,718 ohms 

Z, 

Z, + Z. 


_mKlXllMX) 

vib* + (iol'O - lobb)* 
= 100,000 ohms 


(c) 


Z, = 


ZiZ, 
Zi + Z'l 


1020 X 980 

- (](,2cr- !)8o)“ 

= 24,244 ohms 


Relation among Z, X, and Q. The iinpedani o at resonance can be 
found by a simpler method as is shown in the following explanation. In the 
foregoing solution, the impedance was found by 


I line 


(11-20) 


Examining the step where Eq. (10-7) was used to find /ii„,., it will be ob¬ 
served that the value of the second fiareiitheses, whiidi represents the total 
reactance current, is zero and also that the value of Li cos , which repre¬ 
sents the inphase or resistance component of the capacitor euiTent, is zero. 
This is always true when there is resonance and tlie capacitor’s resistance is 
disregarded; hence at resonance /|i„n becomes equal to J\ cos 0\ . However, 
/i = E/X I , and cos = R/Xl] therefore 


IWnr. = I\ cos 01 


^ R 
Xl ^ Xl 


ER 

'x,} 


Substituting these values in Eq. (11-29), 


'Zipr 


I lino 


_ Xl 

Yr ~ If 

xj 


(11-30) 


(11-31) 


At resonance Xi = Xc; therefore this equation may be expressed in 
any of the following forms: 




xf 

R 


or 


X^ 

R 


or 


XcXl 

R' 


or 


XlXl 

R 


(11-32) 
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Using the last form and substituting Q for Xl/R^ the equation can be 
stated as 




(11-33) 


Example 11-9. What is the circuit Q and the impedance at resonance for the 
circuit shown in Fig. 1 l-8ri? The frequenr;y of resfiiianre and the value of A’l at 
resonance may be taken from Table Xl-lV and are 15(X) kilocycles and 1000 ohms, 
respectively. 


Solution: 


Given: 

= 10 

Xl = 1000 


Find: 

Q = ? 
= ? 


Xl 1000 

Q = _- = 100 

^ R \0 


Z^r = XlQ 

= 1000 X 100 = 100,000 ohms 


The error involved in Fjqs. (11-31) and (11-33) by disregarding the 
resistance of tlie capacitor will depend on the amount of the capacitor 
resistance and the circuit Q. This error is negligible for ordinary calcula¬ 
tions and can Ije ignored if the circuit Q is not extremely low. Mxamina- 
tion of Tigs. 11-8r and \ \-\b will show that the resonance curve for the 
impedance of a parallel circuit varies in the same manner as the resonance 
curve for current in a series circuit. The rules for the interpretation of 
tlie series resonance curve in regard to the slope and u iilth of the tairve will 
apply to the parallel cii’ciiit as well, and the freriuency of resonance can be 
determined by the same equations used for the series resonant cirtaiit. 

At resonance, the impedance of the parallel circuit is at its maximum 
value. Equation (11-33) shows that the impedance at resonance is equal 
to the product of Q and the reactance of either branch and is therefore much 
greater than the impedance of either branch. As the circuit Q is generally 
larger than 100, the impedance of the circuit will be more than one hundred 
times the impedance of either branch. 

If the resistance of the circuit of Fig. ll-8a were reduced to five ohms, it 
would result in a higher value of the circuit Q as indicated by F]q. (11-11) 
and also a higher circuit impedance as indicated by Eq. (11-31). The 
elTect of a resistance change upon the impedance and current can also be 
seen by examination of the resonance curves of Figs. 11-8b and ll-8c. 
This property of a parallel resonant circuit has many applications in radio 
circuits, some of which will be discussed in another part of this chapter. 

11-10. Currents in Parallel Resonant Circuits. Line Current. The 
line current in a parallel resonant circuit is equal to the applied voltage 
divided by the impedance of the circuit. At resonance, the impedance of 
the circuit is maximum; therefore the line current is at its minimum. Be- 
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cause the impedance at resonance is very high (more than one hundred 
times either reactance), the amount of current flowing in the line is very 
small. As the fretiuency changes from resonance, the circuit impedance 
decreases very rapidly and the line current will therefore increase in the 
same manner. 

Branch CurrmU. The current in each branch of a parallel resonant, 
circuit is equal to the voltage applied to the circuit divided by the imped¬ 
ance of that l)ranch. The impedance of each braiudi varies slowly with 
frecpiency change, and therefort' the currents in the liraiu h cinaiits do not 
go through resonant action. At resonance, the imj)edance of each branch 
is relatively small cornjiared with the line impedaiu'c; theicfore (he currents 
flowing tlirough the capacitor and inductor are rnucfi greater than the line 
current. This resonant action is due to the fact tliat the currents in each 
brarit‘h of a parallel resonant (‘ircuit are largely reat'tive ami ai)proximat(‘ly 
180 degrees out of phase with one another; therefrae tlie resultant current, 
Avill be pi’act ii'ally zero. At I'esoiuiiice, a large eurrent will keep 1 ‘irculating 
betw(*en the iiiductaiiee and the capacitance. The resistance of resonant 
rarcuits is generally very small, and hence the energy losses will be small. 
The current flowing in the line is only the amount needeil to supply the 
circuit losses, and as the r'ircuit losses are small the line rairrtait is also 
relatively small. 

Curn.ni}^ at I'reqiu'nricH off BcHonancc. For freriiiencies other than 
resonance, (he rtaxetive currents are not equal. d"lie resultant reactive 
current must b(; supplied l)y the line. As the dilTerence in llie reactive 
currents in each circuit will increases with the arnount of deviat-if)n from 
l esonant fretpiency, the line current will increase in the same manner. The 
relation between the line and branch currents is shown in the graph of Fig. 
ll-9a, while the graph in Fig. 11-Of; shows the relation between tfie branch 
impedances and the line impedance. 

11-11. Comparison of Series and Parallel Resonant Circuits. Tieso- 
iiance Curves and Freq}i(mcy. In series resonant circuits, the resistance, 
inductance, capacitance, and the .supply voltage an; connected in series 
with one another. In parallel resonant circuits, an inductance containing 
a small amount of resistance is connected in parallel with a capacitance of 
negligible resistance. Tn both circuits, resonance occurs when the capaci¬ 
tive reactance equals the inductive reactance. The resonant frequency of 
both circuits can he calculated by Eqs. (Ti-3) and (11-0); both have similar 
resonance curves. Increasing the circuit Q will increase the slope of the 
resonance curves in both circuits, thus decreasing the width of their 
resonance curves. 

Characteristics of Scries Resonant Circuits. At resonance, the impedance 
of a series resonant circuit is at its minimum, and its value is equal to tlie 
resistance of the circuit. The circuit acts the same as a resistor. The 
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current through all parts of the circuit is the same and is equal to the line 
current; the current is at its maximum value and is in phase with the applied 
voltage. The power factor of the circuit will therefore be unity. The 



rrcquency. Wc. 
(fl) 



( 6 ) 

Frii, 11-9.— Charanteristic rurvea of a parallel resonant circuit: (a) current curves, (h) im- 
I>edance curves. 


voltages across the reactances are approximately equal and nearly 180 de¬ 
grees out of phase with each other, and the voltage across the resistance is 
equal to the applied voltage. Increasing the value of the resistance will 
decrease both the current in the line and the voltage across each reactance. 
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For frequencies below resonance, the capacitive reactance is greatest and 
the current is leading. For frequencies above resonance, the inductive 
reactance is greatest and the current is lagging. 

Charadcristws of Parallel Resonant Circuits. At resonam-e, the im¬ 
pedance of parallel resonant circuits is at its maximum, and its value is 
equal to the product of either reactance and the circuit Q. The cinaiit 
acts the same as a resistor, and the current and voltage are in phase; the 
power factor of the circuit will therefore be unity. The line current is at a 
minimum and is equal to the applied voltage divided by the impedance of 
the circuit. The voltages across the inductance and tlie capacitance are the 
same and are equal to the applied v oltage. At resonance, tlie currents in 
the inductor and capat'itor are approximately etiuai and lu^arly 180 degrees 
out of phase with each other. Increasing the resistance of the (arcuit 
decreases the circuit impedani-e, thereby increasing the line current. For 
frequencies below resonance, the current in the inductor increases and the 
line current is lagging. For frequencies above resonance, the current in the 
capacitor increases and the line current is leading. 

11-12. Uses of Resonant Circuits. Fundamental Uses. In radio, tele¬ 
vision, and electronic circuits, the principles of resonance are used to 
increase the strength of a desired signal and to decrease to a minimum the 
strength of undesired signals. Series resonant circuits are used wlierevcr 
maximum current is desired for a definite frequently or band of fretiuencies. 
Farallel resonant ciiciiils art^ used wherever the signal strength of any 
one frequency or band of fretiuencies is to he reduced t o a minimum. 

Classification of Circuits as iSeries or Parallel. Rt\st)nant circuits form 
only a part t)f the complete radio circuit, llecause of this, it, is st)metimes 
very tlifficult to ascertain whether the resonant circuit is of the series or 
parallel type. In radio work, some circuits that have all the appearances 
of a parallel resonant circuit arc actually classed as scries resonant circuits. 
This is usually the case when the inductor is the secondary of a transformer 
and the voltage of the circuit is an induced voltage rather than a voltage 
applied from an entirely separate source. For example, Fig. 11-10c shows 
two resonant circuits (drawn in heavy lines), each of which has the general 
appearance of a parallel circuit, l>ut in analyzing the complete circuit the 
one at the left is considered a parallel resonant circuit and the one at the 
right is considered a series resonant circuit. The circuit at the left is con¬ 
sidered a parallel resonant circuit because it receives its electrical energy 
from the plate circuit of tube 1. The circuit at the right is considered a 
scries resonant circuit because no separate voltage is applied to the inductor 
and capacitor, but instead a voltage is induced in the inductor (secondary of 
an r-f transformer), which is considered as a voltage connected in series with 
the inductor and the capacitor. The following procedure will help to 
determine whether a circuit should be classed as parallel or series: (1) locate 
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the inductive and capacitive components fonning the resonant circuit; (2) 
locate the source of a-c voltage for these components; (3) deteimine whether 
the components are in series or parallel with the source of a-c voltage. In 
radio circuits, the source of a-c voltage may be derived from any one of the 
following circuits: antenna, output of a vacuum tube, or the induced 





voltages from other circuits. Some of the applications of resonant circuits 
as applied to radio are illustrated in Figs. 11-10 and 11-11. The resonant 
circuit in each illustration is shomi in hea^^ lines. 

Ap}}licaiion of Rvsonani Circuits in the Antenna Circuit of a Receiver. 
A simple illustration of the use of the principle of resonance is given in the 
circuit shown in Fig. ll-lOa. Here a parallel resonant circuit is connected 
in series Avith the antenna circuit of a receiver. This circuit will offer a 
very high impedance to any signal current at the frequency for which it is 
resonant and will therefore reduce such a signal current to a minimum. It 
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thereby hinders currents of this frequency from eiiierinp; the receiver but 
does not prevent currents of any other frequency from entering the receiver. 
Such a circuit is sometimes used when one particular station causes trouble¬ 
some interference, and it is referred to as a wave trap. 

Another illustration is given in the circuit of Fig. 11-1 la. Mere a series 
resonant circuit is connected to the antenna circuit of a receiver. Being 
a series resonant circuit, it will offer a very Ioav impedance to any signal 
current at the frequency for which it is resonant and a high impedance to 



Fjci. 11-11. —Aiiplit-aiions t)f »orit‘.s rn.sDiitiiil firc-uita in rnilin 


currtmts of all other fretiiK'iicies. It provides a low impeflunce path to the 
ground for any signal current of the rescniant frequency to which it is 
adjusted. It thereby keeps signal currcMits r)f the undesired frequen(*y from 
eiil(‘ring the receiver and acts as a wav(^ trap. 

fAsc of Series Resonant Cirnnis in the Timing Circuit of a Receiver. In 
order to listen to any audible program being transmit!,ed, t,lie liming ciicuit 
of the receiver must be adjusled so tliat its capacitive anil inductive com¬ 
ponents produce resonance at the freipauicy of the carrier wave of the sta¬ 
tion transmitting the program desired, ddie 
series resonant circuit shown in Fig. 11-11/; is 
tyiiical of all tuning circuits. Tlie input sig¬ 
nal voltage c may come from the antenna cir¬ 
cuit or from the output of a jirevious tuning 
stage. The amount of signal voltage; across 
the secondary of the transformer will be much 
greater because of the high reactive voltages 
developed in a series resonant circuit at its 
resonant frequency. The value of either reactive voltage is more than that 
which could have been obtained by direct transformer ratio. This increase 
in voltage represents a gain in signal strength obtained by means of 
coupling. This voltage is now applied to the input of the following tube. 

Use of Parallel Resonant Circuit U) Obtain Seketivity arul High Imped¬ 
ance. Parallel resonant circuits are used as the output load of a tube where 
it is necessary that this circuit, in addition to having a high selectivity, 
must also have a high impedance. Such a circuit is shown in Fig. 11-10/;. 



I j I 


11-12. ThcDiiMifiil piirulli'l 
reMiJiimil niri'uil ijf an inrlui'lanrL? 

CMiil. 
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The advantages obtained by proper use of series and parallel resonant 
circuits is further illustrated by the manner in which they are used in the 
intermediate stages of superheterodyne receivers. Such a circuit is shown 
in Fig. ll-lOc. The resonant circuit connected to the output of tube 1 
must have a high selectivity and high impedance; a parallel resonant circuit 
is therefore used. The resonant circuit connected to the input of tube 2 
must have a high selectivity but a low impedance in order to obtain a high 


m ■ 



(n) (b) 

Fit:. 1 l-iri.— A|jpliciiti(jiis tif rpiiDiijint i-irruitH: (a) tuning unit with an arljustuble raparitnr, 
(^) tuning unit with an adju.stablp raparitor aiiil uiljustabh^ inrluctor. {Hammarlund .\fanu- 
fnrtiirino ('rmijmnjj, Inc.) 


reactive voltage; a series resonant circuit is therefore used. This circuit 
arrangement has excellent selective characteristics and is used in practically 
all moilern receivers. 

Frfqupnry of Cholcv Coils. In a previous chapter, it has been 
shown that the distributed capacitance existing between the turns of a coil 
may be considered theoretically as a lumped capacitance placed across 
the terminals of the coil. If a coil is considered in this manner (see Fig. 
11-12), it can be seen that it is equivalent to a parallel resonant circuit and 
therefore has a resonant frequency of its own. Choke coils are designed to 
have a comparatively high inductive reactance for a wide band of frequen¬ 
cies below its resonant frequency when considered as a parallel resonant 
circuit. At resonance its impedance is verj^ high, and for frequencies above 
resonance its reactance becomes capacitive and the coil acts as a capacitor.- 
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If there is no disadvantage in having the reaetance eapaeitive instead of 
inductive, a coil with high distributed capacitance is superior for frequencies 
lower than its resonant frequency. Above this frequency, the actual 
impedance of the coil is less than it would be for a coil having a negligible 
amount of distributed capacitance. 

Figure 11-14 represents a schematic diagram of a typical siqierhetero- 
dync receiver. This is the same circuit diagiam tliat was used in the 



I'k;. 11-14 SnliRmalin rliMKraiii tjf ;i tyjjifal .siiporlii'trroflyne rL*r'tMver willi its rDNoniint 
l irnuiLs indirulGd hy hnavy-ldiD boxes. 


chapters on inductance and capacitance. In this diagram, the resonant 
cirt'uits are enclosed in dashed lines and used as follows: 1 and 2 are series 
resonant circuits used to select the signals from a desirerl station; 3 and 5 
are parallel resonant circuits used in the primary side of the i-f transformers; 
4 and 6 are series resonant circuits used in the secondary side of the i-f 
transformers; 7 is a parallel resonant circuit used in the local oscillator. 
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QUESTIONS 

1. Why are resonant circuits considered one of the most important types of cir¬ 
cuits user! in radio apparatus? 

2. What is meant hy the term resonance as applied to electric circuits? 

3. (a) VVTiat is a graph? (6) Where are graphs used in radio? (n) Why is the 
study of the plotting and interjiretation of graplis essential to understanding railio, 
televisitin, and eh'ctronic circuits? 

4. What is meant by (a) the abscissa? (?)) The ordinate? (c) The point of 
origin? 

6. (a) In plotting a graph, which variable is plotted as the ordinate? (/j) What 
is the other variable called? 

6. What type of curve will a grajih of the following eijuations illustrate: (ri) 
Plotting P vs. E for the equation P = E^IR? (f>) Plotting A’/, vs./ for the equation 
A'/, = 2irfL? (c) Plottiiig/r vs. LC for the e(|uation/r = 1/27r y/y^C’? 

7. Why is it necessary to obtain more points when jilotting a gra])li having a 
curved line than for one having a straight line? 

8. If a grafib is plotted from results oldained from a lalioratory exjierimenl, 
is the curve drawn through all tlic points obtained? Kxj)liiin. 

9. In a series circuit containing inductance and cai)acilance, how do the indue 
live and capacitiv’'c r(‘actanccs vary when tiie frequency of the input voltage is (o) 
increased? (b) Decreased? 

10. Wliy shoidd tlie resistance of series resonant idrcuits be kept at a minimum? 

11. What quantities are generally used to jdot (rt) a series resonance curve? 
(b) A parallel re.son.'ince curve? 

12. What is meant by a tuned circuit? 

13. 11 ow does the shape of the resonance curve vary when its resistance is (a) 
increased? (f;) Decretused? 

14. How lines the circuit Q of a tuned circuit compare with the coil Q? 

16. II ow does the slope of the resonance curve for a tuned circuit vary when its 
circuit (J is (a) increased? (/>) Decreased? 

16. When the following factors are increased, how is the circuit Q of a tuned 
circuit affectcd: (ri) resistance, (l>) iniluctancc, (r) frequency? 

17. In order to obtain high selectivity in tuning circuits, should the circuit Q 
be large or small? Explain your answer. 

IB- Explain liow the voltage across either reactance in a series tuned circuit can 
be greater than the applied voltage. 

19. Will the reactive voltages in a scries resonant circuit increase or decrease 
when the circuit Q is increased? Explain. 

20. (fi) When solving parallel resonant circuits, why must they be treated as 
parallel-series circuits? (6) Why is the resistance of the capacitor generally ignored? 

21. Under what conditions may the impedance of a parallel resonant circuit be 
taken as the product of the inductive reactance and the circuit Q? 
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22. How do paralliil rosonaiit. circiiils differ from scries resonant circuils? 

23. How do the rul cs for the interpretation of [)anillcl resonanre curves coini)iire 
with those for a series circuil ? Why? 

24. How does a decrease in tlic circuit resistance alTccL the impedance of a piir.illcl 
resonant circuit? 

25. How does the impedance of eacli hranrh of a parallel resonant circuit com¬ 
pare with the imi)eilance of the circuit («) at the rcwSonant frequency? (^) Fur fre¬ 
quencies below lusoiiancc? (r) For frequencies above resonance? 

26. How does the eurrent flowing hi each brancli of a parallel resonant circuil 
compare with the line current (a) at the resonant frequciicy? [h) For frequencies 
below resonance? (c) For fretiuencies above resoiifiiico? 

27. How dues the poAver faelor of the induct anno Jind capacitance of paralhd and 
series resonant circuits compare with the power fact or of the line fa) at the resonant 
frequency? (f)) For fretiuencies below resonance? (rO f or freqiieneics above reso¬ 
nance? 

28. In what respects arc parallel resonant circuits similar to series resonant 
circuits? 

29. In what respects do parallel resonant circuils differ from series resonant 
circuits? 

30. What factor deterriiiries Avhether a lesoiianl circoiit shoulil be classed as a 
series or parallel type? 

31. What procedure should be followed in determining whether a resonant circuit 
is of the series or [larallel type? 

32. Name four apidiioitions of series resonant circuits l o radio. 

33. N ame four ajiplications of jiaralhd resonant circuits to radio. 

34. What is nieaMt by the distriliuted eapacitaiice of a coil? 

35. Why must the distributed capacitance of a choke coil be taken into con- 
si deration? 


PROBLEMS 

1. Plot a curve showing how the poAver varies with currimt ehangos from zero to 
10 amp if the voltage is kept constant at 125 volts. 

2. Plot a curve shoAA'iiig hoAv the poAver varies with voltage changes from zero to 
125 volts for a circuit aaIiosc resistance is 0.25 megohm. 

3. The folloAving data were taken for |)lottiug a curve for a certain tube charac¬ 
teristic. The grid voltage of a GF7 tube is kept constant at —5 volts. The following 
readings of jdate current (inilli amperes) werr; ohtaiiiL'd for the values of plate voltage 
listed below. Plot an Epfp curve. 


Ep 


50 

0.35 

75 

1.2 

100 

2.5 

125 

4.0 

150 

5.5 

175 

7.2 

200 

9.0 


4. A resonant circuit has an inductance of 316 gh and a capacitance of 80 A*Mf- 
Plot a curve shoAving hoAv the inductive reactance changes when the frequency is 
varied from D75 kc to 1025 ke. On the same paper, using the same reference abscissa, 
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plot another curve showinR how the capacitive reactance chanRes for the same fre¬ 
quency range. In plotting these curves, obtain values for every 5 kr. 

6. Using the curves obtained in Prob. 4, determine the resultant circuit reactance 
at the following frequencies (fz) DtSO, !)[)0, (c) 1000, (t/) 1010, (c) 1020 kc. 

6. Determine the resonant freiiuency of the circuit used in Prob.4 (a) by referring 
to the curves obtained in Prob. 4, by substituting the values of intluetance and 
capacitance in the equation for hniling th(‘ frequency of resonance. 

7. A series tuned circuit has an inductance of 316 /ih. To what value of capaci 
tance must its variable capacitor be adjusteil in order to obtain resonance for the fol¬ 
lowing frequencies. («) TiOO kc? (fj) 1500 kc? 

B. A variable cajiaeil or having a maximum capacitance of 350 /i/if is used for tun¬ 
ing a broadcast receiver, (a) What iniluctance is ref)uired to make the circuit reso¬ 
nant at the lowest frequency .500 kc? (h) If the niinimuni capacitance of the cajiaci- 
tor is 15M^f, what is the highest frequeney that can be obtained with the inductance 
determiiuMl in pari (a)? 

9. The coil useil in Prob. H jilus the circuit wiring has a ilistribut ed capaeilance of 
thus increasing the circuit capaeilanee by this amount. What is the frequeni-y 

range of the circuit? 

10. It is desired to cover a short-w'avi* band whose low’cst frequency is to be 17(K) 

kc by eonnecling a dilTerent coil t o the capacit or in Prob H (a) Pinil t he induct anci* 
of the coil, (h) Whal is the highest frequency that can bi' tuned if the dislributeil 
circuit ca]jacitance (l5MMf) is to be taken into consideralion and the induclaiice coil 
is used as delerinined in jiarl (ri)? (r) Whal is the highest frequency to wdiich the 

circuit may be tuned if the distributed circuit caijacilancc’ is ignored.'^ (r/) What is 
Ihe highest freiiui'iicy to which the circuit may be limed if the dislributeil circuit 
cajiacitance is ignoriMl and the minimum value of the variabh' capacitor is 10 MMf^ 

11. A variable cajiacit or having a maximum eajiacil ance of 14()/x)Lif and a minimum 
cajiacilaiiei' of 10 is used to tune a short wave band wiiose lowest freiiuency is 
1700 kc. (a) I'lnd the inductance of the coil, (h) Whal is Ihe higbesl frequenev lo 
which the circuit I’aii be tuned if tlie dislributeil circuil capacitance (10 /n/if) is to be 
taken into consideralion? (c) What is the highest frequency lo which the ciicuit 
may be tuned if the dislributed circuit capacitance is ignorial? (r/) What is the 
highest frequency to which the circuit maybe tuned if the distributed capaci I ance is 
ignored and the minimum value of the variable capacitor is 5 ^^f? 

12. The cajiacit or in Prob. 11 is t o be used to tune a short w ave band whose low est 
frequency is 0.5 me. In this problem the distributed circuit capacitance is to be ig¬ 
nored. ta) Find the inductance of the coil, (fi) What is the highest frequency 
that can be tuned? 

13. It is desired to cover a short-wave band wdiose lowest frequeney is to be 1700 

kc by the use of a lived capacitor f's’ connected in series with the tuning capacitor 
Cr , as shown in Fig. 11-15. The maximum and minimum capacitance of the tuning 
capacitor is .350 H-*td 15 respectively, the inductance of the secondary is 290 
/ill, and the distributed circuit capacitance is 15 /x/if. (n) Find the cajiacitance of 
the series capacitor T.s . (fi) What is the highest frequency to which the circuit may 
be tuned if the distributed circuit capacitance is to be taken into consideration and 
the series capacitor is used as determined in part (a)? (r) What is the highest fre 

quency to which the circuit may be tuned if the distributed circuit capacitance is 
ignored? (d) Wdiat is the highest frequency to which the circuit may be tuned if 
the distributed circuit capacitance is ignored and the minimum value of the varialde 
capacitor is 10 g/xf? 

14. A variable capacitor having a maximum capacitance of 140 /i/xf and a mini¬ 
mum capacitance of 10 /x/if is used to tune a short-w ave band whose low est frequency 
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is 4.63 me. The clistribiiteil cirniit cftpaeitanre is 5 nnC ami the iniliirtanrr of Ihe 
serniidary wiiuJiiig is 5S.5 /ill. (a) AVhat value of eapaeitanee must be coimecteLl in 
series with the tnniiiK eapacilor in onler In obtain this mininuim frerpieney when all 
its plates are in mesh? (b) What is the hi|;;he.st freipieiiey In whieh llie ciretiil may 
be tuned if the ilistributed eireuit.rapaeilanee is In be taken into eoiLsiiicratioii and 
the series eapaeilnr is used as determined in part (fi)? [r) What is the hiRhest 

frequency to which the ciicuil may be tuned if the distributed circuit capacitance is 
ignored? (d) What is the highest frequency to which the circuit may be tuned if 
the distributed circuit capacitance is ignored and the mininuim value of the variable 
capacitor is 2.5 ti/if? 

IB. A series resonant circuit is to be used as a wave trap to eliminate the effect 
of a 12(K)-ke signal. What value of capacitance must be used if the coil has an in¬ 
ductance of SO/xh and a distriljul ed capacitai’ce of lO/x/xf? 

16. A coil having a distributed caiiacitance of 10 MMf iw f onnected in series with a 
350-/i/xf capacitor in order to ])ass a 750-kc signal. l''Nid the inductance of the roil. 

17. A 120-AtAif adjust able capaci I or and an in dr'• I a nee coil an* connect ed in jiarallel 

to form the primary sidi* of an i-f transformer vhose resoiiiint freiiuency is 400 kc 
(Fig. 11-10). (a) What is the inductanci' of the primary winding? (b) What is the 

y of the primary winding if its resistance is .0.S5 olims? 



IB. A 2.5-inh coil and an adjustable capacitor are connected to form the secondary 
sule of ani-f transformer whose resonant fre([uency is 160 ke (I’ig. 11-16). (u) What 

is the capacitance of the adjustable cajjacitor? (b) What is the Q of the secondary 
winding if its resistance is 13 75 ohms? 

19. A 10-mv signal is applied to a series resonant circuit having an inductance 
of 316 /xh, a capacitance of JSO /x/xf (same as Frob. 4), and a re.sistance of 10 ohms. 
IMot the resonance curve for this circuit. 

20. Determine the width of the frequency band of the circuit used in Prob. 19 
\a) from the resonance curve a,s plotted, (b) substituting the values of inductanco and 
resistance in the equation for hiitling the width of the frequency band. 

21. The resistance of a senes resrmaiil circuit is 12 ohms, and its inductive re¬ 
actance is equal to 3(X) ohms at the resonant frequency, [a) What is the value of the 
circuit Q? (b) What voltage is developed across the inductor, capacitor, and resistor 
when the applied voltage is 10 volts? 

22. (a) What voltage is developed across the resistor, inductor, and capacitor 

of the series resonant circuit used in Prob, 19? (b) What is the value of the circuit Q? 

23. The primary side of an i-f transformer forms a parallel resonant circuit con¬ 
sisting of a 3-mh coil and a 39.03-/x4xf capacitor. The resistance of the coil is 20 ohms, 
(o) What is its frequency of re.sonance? (b) What is the impedance of the circuit 
at resonance? 

24 . What is the impedance of the parallel resonant circuit used in Prob. 17? 
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26. A parallel resonant circuit is to be used as a wave trap to eliminate the effects 
of a UlOO-kc signal. The circuit has a resistance of 1.5 ohms and a capacitance (dis¬ 
tributed and wiring) of 10 utii. (a) What value of inductance must lie used with a 
capacitor whose value is 05 (^0 What is the circuit Q? (c) What is the width 

of the band being eliminated? 

26. A coil having an inductance of 320//h is connected in parallel with an adjust¬ 
able capacitor in order to by-pass a band of freipicuicies between [h)0.25 and 1000.75 
kc. The distributed capacitance of the coil and circuit is erpial to 9/i/if■ (f*) What 
is the value of the adjustable capacitor? (5) What is the resistance of the circuit? 

27. Using tlie method outlined in the article on ])arallel resonance, find the 
impedance for the following points for the curves in Fig. ll-8c; (a) R — 5 ohms, 
/ = 141)2.5 kc,/ = 1502.5 kc. (f;) /? = 10 ohms,/ = 14!)7.5 kc, / = 1507.5 kc. 

2B. riot a parallel resonance curve for a circuit having a I’apacilanci* of SO fi/if, 
an inductance of 316 gh, and a resistance of 10 ohms |use Eip (11-28)1. 

Note : These are the same values used in Prob. 4. 



CHAPTER XII 

BASIC ELECTRONIC CIRCUITS 


A circuit diagram of a radio receiver, a television receiver, or a piecre of 
industrial electronic equipment is generally iiiiite (‘omplex and when exam¬ 
ined as a whole unit may he very confusing. Every such electronii’, eireiiit 
is made up of a miniber of individual circuits, and, to understand the com¬ 
plete cireuit, each individual circuit must he analyzed separately. 

The purpose of this rdiapler is to study th(‘ (‘lectrii^al elTects of each 
circuit and its relation to other circuits. l iie appliciitions ol these circuits 
ill producing specilic. actions such as amjdiJicatioii, detection, or oscillation 
are taken up in the authors’ ti^xt, E^ssrntials of Eadio. 

12-1. The Electric Circuit. (Hrc\itf Elcmi Jils. h'.very t'lectric circuit, 
must contain at least one t'onducting eleimait. This t'lement may lie a 
resistor, inductor, or capacitor. The purjjose of each ty|)(‘ of element and 
its effects on the electric circuit have lieen discussed in previous chapters 
anil shoidd he l eviewed. in general, a r(‘si.stor in a circuit will limit Llie 
ammint of cuircnt flowing in that circuit. A reduction in current flow 
will also reduce* the voltage drop across the remainder of thc^ circaiit ele¬ 
ments. Inductance in a circuit will oppose any change in the amount of 
curremt flow. Capacitance in a circuit will oppose any change in the 
amount of voltage impressed across the ciriniit. 

Stray Resishmrr, (Uipacitancc, and /ndfirfanri-. JCvery wire-wound riv 
sistor will leave, in addition to its resistance;, an indiiclaiic.e effect due to tlie 
turns (jf wire and a capacitance cdTca-t due to the space (insulation) hetween 
each turn. Every coil will have, in addition to its inductance, a resistanoe 
whose value will depend on the size, length, and kiml of wire used and a 
capacitance effect due to the insulation lietween each turn. The current 
flowing in and out of a capacitor must flow llirough a path consisting of its 
leads and plates. Theje will tlierefore hr; some resistance in thi.s path. In 
order to obtain the maximum capacitance in tlie minimum amount of spaee, 
t he plates of fixed capacitors are wound in the form of a coil, d'his construc¬ 
tion causes an inductance effect to exist in all capacitors so con.structed. 

Stray resistance, inductance, and capacitance elTects will therefore exist 
in all resistors, inductors, and capacitors. IHany of these units are designed 
in such a way as to minimize these efTccts. At audio frcquenf'ie.s and the 
lower radio frerpjencies, stray effects can u.sually be ignored, hut, at the 
higher frequencies, these effects are troublesome and have to be taken into 

4?,7 
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consideration when selecting the units to be used. It is therefore appropri¬ 
ate at this time to sum up the action of these stray effects on each of the 
circuit elements. 

Equivalmt Circuits. The inductance of a resistor can be considered as 
an inductor connected in series with the resistance. The capacitance of 
the resistor can be considered as a capacitor connected in parallel with the 
resistance. The equivalent circuit for the resistor is then as shown in Fig. 
12-la. 

The resistance of a coil can be considered as a resistor connected in series 
with the inductance. The distributed capacitance between adjacent turns, 



ra) (b) (cJ Cd) 


Fio. 12-1.—Equivnlpiil (•ir(ruit.‘!i for thn three kinds of rirniiit elements: (o) a resistor, fb) 
an induetor, (r) a rapaeiior used on direct nirreiit, (tZ) a capacitor used on alternating curreiiL. 


nonadjacent turns, and between each turn and the ground can be con¬ 
sidered as a single lumped capacitance connected in parallel with the coil. 
The equivalent circuit for the inductance coil is tlien as shown in Fig. 12-H^. 

Capacitors are used in both d-c and a-c circuits. When a capacitor is 
used in a d-c circuit, there is no inductive effect and the resistance of the 
plates and leads is considered as a resistor connected in parallel with the 
capacitor, Fig. 12-lc. When a capacitor is used in a-c circuits, the equiva¬ 
lent circuit may be considered as either series or paralhd. The series 
equivalent circuit is usually more useful and is shomi in Fig, 12-lfi. Often 
the inductance is negligible, and for capacitors with low losses the equivalent 
series resistance approaches zero. 

Example 12-1. The induclanee of a 5000-ohm 100-wait resistor is equal to 11 
microhenries. What is the equivalent impedance of this resistor, if the distributed 
capacitance is ignored at (a) 500 kilocycles? (b) 1500 kilocycles? 

Given: Find: 

L = 11.0 ph Z = ? 

R = 5000 ohms 
/ = 500 kc 
/ = 1500 kc 
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Solution: 

(a) At 500 kc 

Xl = 2irfL 

= 6.28 X 500 X 10=> X 11 X lO"' 

= 34.6 ohms 
= \^It^ H- X 
= %/(50(W)2-F(34.6)* 

= 5000.11 ohms 

(5) At 1500 kc 

Xl = 27r/L 

= 6.28 X 1500 X 10® X 11 X 10'" 

= 103.6 ohms 

■^lODD = \/H‘ + Al® 

= \/(5()0bF+’(*^-fi)® 

= 5(K)1.07 ohms 

Example 12-2. An r f plato choke is uscil in ti receiver wliosc r-f I’anRO is 1.875 
to 15.0 iiieKacyclcs. 'Phe iiuiuctance of this coil is equal to 200 iniertthfuries ami its 
rcsistancG nine ohms. FimJ the iinpciiancc of tliis coil at the two frLMpjfncy limils. 

Given: Finrl: 

R = d ohms Z = ? 

L = 200 nh 
f = 1.875 me 
f = 15.0 me 

Soluti on: 

(o) At 1.875 me 

Xl = '2wfL 

= 6.28 X 1-875 X 10® X 200 X lO"" 

= 2355 ohms 

Zi.iii = y/R^ + Xl} 

= V(9)* -r(2355r« 

= 2355.01 ohms 

(b) At 15 me 

Xl = 27r/L 

= 6.28 X 15 X 10" X 200 X 10"" 

= 18,840 ohms 

= \/(9)^-i-iis;s«))' 

= 18,840 ohms 
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Example 12-3. A five-microfarad capacitor iias a series resistance of 47 ohms. 
Wlial is its impedance at (a) 60 cycles? (6) 120 cycles? 

Given; Find: 

R = 47 ohms Z = ? 

C = 5 Mf 

/ = 60 cycles 
/ = 120 cycles 

Hoi u Li on: 


in) 


0 *) 


Xr = 


= 530 oil ms 


]0« _ 15D.000 _ 150,000 
2irfC ~ fC ^ 60 X 5 
Z = \/n‘ -Y Xr'^ = \/(47)= + (530)2 = 532 ohms 
150,000 15!) ,000 

Xc = “ , , = : = 265 ohms 

jr. 120 X 5 

Z = AV = V(47)2"+"(2W' = 260.1 ohms 


From these three examples it can be seen that the stray effeets ean 
visually be ignored. 

Individual Circuiifi. Resistors, inductors, or capacitors can be con¬ 
nected individually, in multiple, or in combination with one another. The 
electric circuit resulting from the proper connection of the circuit elements 
may be a simple, series, parallel, or complex circuit. The analysis and use 
of these circuits for l)oth direct current and alternating current have lieen 
discussed in the previous chapters. 

Vomhinvd Ciruwii, Jt has been slated that eleidronic circuits consist of a 
number of individual circuits, each designed to accomplish a definite pur¬ 
pose. It is the combined effect of eacli of its imliviilual circuits whicli 
produces the desired performance of a radio receiver or transmitter. In 
combining two or more individual circuits, the following two factors must 
lie taken into consideration: (1) the means used to transfer energy from one 
circuit to another, (2) the separation of the different types of current so that 
they will flow through the proper circuit. 

Coupling. In order to transfer electrical energy from one circuit ele¬ 
ment to another, a conducting material, usually a wire, is used. In order 
to transfer electrical energy from one circuit to another, a common imped¬ 
ance must exist between the two circuits. This common impedance is 
called the conpling vlcmcnt. When tAvo circuits are connected with one 
another by means of a coupling element, the circuits are said to be coupled. 
ddiere are various Avays in AA'hich tAvo circuits may be coupled Avith one 
another, and each method has a definite use and produces different effects. 
The various types of coupling circuits and their effects are discussed later 
in this chapter. 
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Filters. Whsii two or more individual electronic circuits are combined, 
they form a complex circuit through which the following kinds of currentvS 
may constantly flow: (1) direct, (2) low frequency ((>() cycle), (3) audio 
frequency, (4) radio frequency. One side or part of any number of these 



I'lh'. 12-2.— A I’apafitrir anil an iiirliirtnr iislmI Io Hi»)iaratp altiM'iniLiiiK l■lll■ront frijin iliriM't 
fiiirent and low-frpcjuRiu*.y rurrpnts from high-fromituiy ciirrimts. 

circuits may be completed through a common wiie or through tlie chassis. 
It is the purpose of a filter to separate these currents at any desired point 
and to direct each of them into the conductor or circuit through which it is 
ilesired to have tliem flow. 


v\j u 

Low induclnnce 
Ldw reoictcince 


'W/VW 




High-frequency 
High reacto 


current 

cince 


W_'' 

—- ^ -" 00000 ^ 

High inductance 
High reactance 
(a) 


u u 

Low-frequency current 
Low reactance 


(b) 


I’lrj. 12-3.—Effects of iiuluetanre and frequeiiRy o*i nurrent flow: (a) variable induntiuirc, 
couatant frequency; (b) variable frequenry, constant inrluelanee. 


12-2. Filter Action. A filler circuit consists of a combination of capaci¬ 
tors, inductors, and resistors connected so that it will separate alternating 
currents from direct currents or alternating currents witliin a Itand of 
frequencies from those alternating currents outside of this band. Filter 
circuits will range from a very simple circuit to a very intricate ciri;uit, 
depending upon their application. However, no matter how simple or 
involved a filter circuit may be, its action must depend upon the following 
principles of a-c circuits: 
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1. The opposition offered to the flow of alternating currents by a circuit 
containing only inductance will increase with frequency increase. Such a 
circuit will offer comparatively little opposition to the flow of direct, pulsat¬ 
ing, or low-frequency alternating currents. The opposition offered to r-f 
currents V)y such a circuit will be comparatively high (see Figs. 12-2 and 
12-3). 



Small capacitor 
High reactance 



l ( ^ 


High-frequency current 
Low reactance 


K ^ 

Large capacitor 
Low reactance 
(a) 



Low-frequency current 
High reactance 
(b) 


Fiu. ri-4. ICfTi'ftw rif c-iipuritariff aiul frpijuynt-v rm i-urrciil fluw; (a) variahin capai-itaiifp, 
roiiHtaiil ; (M v’ariable fret|upiit\v, noiiMtaiit raijaritatifo. 


2. ^rhe opposition ofTered to the flow of alternating currents by a circuit 
containing only capacilance will decrease with fretiuency increase. vSuch 
a circuit will olTer a (‘omparativcly high oppovsition to low-fretiuency 
ciiircnts, little opposition to r-f currents, and will block the flow of direct 
currents (see Figs. 12-2 and 12-4). 


W 

--—n5D00^P“ 



(a) 


w 

\f 


It 



—iQOOi— 

(b) 



Kiij. rj-5.—of rpsoiiant rirruits on the amount of current flow at or near the resonant 
friMiuency: (a) .seriew resonant circuit, (6) parallel resonant circuit. 


3. A series resonant circuit has a low impedance at resonance and will 
offer little opposition to the flow of all currents whose frequencies lie within 
a narrow band above and below the resonant frequencJ^ Such a circuit 
will offer a comparatively high opposition to the floAV of currents of all other 
frequencies (see Fig. 12-5a). 

4. A parallel resonant circuit has a high impedance at resonance and 
will offer a comparatively high opposition to the floAv of all currents whose 
frequencies lie within a narrow band above and below the resonant fre- 
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quency. Such a circuit will offer little opposition to the flow of currents of 
all other frequencies (see Fig. 12-5b). 

5. Resistors do not provide any filtering action when used alone, as they 
oppose the flow of all currents regardless of their frequency. When con¬ 
nected in series with a capacitor or inductor, or both, it increases the 
impedance of the circuit, thus decreasing the sliarpness of the filler circuit. 
This can be seen by observing the resonance curves in Fig. ll-4t. Increas¬ 
ing the resistance of the series resonant circuit decnvises the current at the 
resonant frequency, thus decreasing the slope of the curve on either side of 
the resonant frequency. , 

Example 12-4. A lO-heiiry lilt,nr choke has a resisl anLC of 47r» ohms, (a) What 
is the amount of opposition it offers to direct current? (/>) What is ilie amount of 
opposition it offers to 60-cyclc alternating currcrU? 

Given: 

72 = 475 ohms 
L = 10 henries 

Solution: 

(o) 72 = 475 ohms 

(1j) Xl = 2irfL = 6.28 X 60 X 10 = 37CB ohms 

Z = = \/4752'+ 37682 ^ 3797 ohma 

From the above example it can be seen that the opposition offered to the 
flow of 60-cycle alternating current is approximately eight times that offered 
to the d-c flow. This type of coil can therefore be used to pass direct current 
and block the flow of low-frequency alternating currents. 

Example 12-5. (a) To which type of current will a 0.2-niicrofararl capacitor 

offer the greater opposition, a 5000-cycle audio signal or a .50(X)-kilocycle r-f signal? 
(5) How many times greater is the larger impedance than the smaller impedance? 
(r) What type of current is blocked by a capacitor of this size? 

Given: Find: 

C = 0.2 ni Xc = ? 

/ = 5 kc 
/ = 5000 kc 

Solution: 

(a) At 5000 cycles 

159,000 159,0 00 

^ ~fC^ ~ 5 X 10* X 2 X 10-' 

At 5000 kc 

^ 159,000 159,000 _ 

^ fC “ 5 X 10“ X 2 X 10-' 

159 

(b) Ratio of opposition = ^ 

(c) The a-f currents are blocked. 


=>159 ohms 

= 0-159 ohm 
« 1000 


Find: 

(a) 72 = ? 

(b) ^ ? 
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In order to divert the undesired low-frequency currents back to the source, 
an inductance coil is used as a by-pass as shown in Fig. 12-9?;. The induct¬ 
ance of this coil is of such a value that it carries off the currents whose 
frequencies are below the cutoff point and rejects the currents whose fre¬ 
quencies are above this value, thus forcing them to pass on through the 
circuit. C'onnecting the coil and capacitor as shown in Fig. 12-9c, the 
simplest type of high-pass filter circuit is obtained. 


Example 12-7. A two-henry ehoke coil and a 0.5-microfarad capacitor are con¬ 
nected as shown in Fig. 12-Oc to form a high pass fdter circuit. What lopposition is 
offered Ijy the capacitor (a) to 60 cycles (power disturbances)? (^) To a 1200-cycle 
a-f signal? What opposition is offered by the inductor (c) to 60 cycles? (d) To 1200 
cycles? 


(liven: 

C = 0.5 mI 

Ij = 2 henries 
/ = 60 cycles 
/ = 1200 cycles 


Solution: 


rind: 

X, = ? 
X/. = ? 


(o) 

(ft) 


159,000 159,000 

Ae = “ ^ ^ = 53(X) ohms 

fC 60 X 0.5 


Xc 


1200 X 0^5 


265 ohms 


(c) Xl = 2irfL = 6.28 X 60 X 2 

= 753.6 ohms 

(d) Xl = 6.28 X 1200 X 2 

= 15,072 ohms 


Analyzing the values obtained in this example, it can be seen that the 
high-frequency currents will pass on through the capacitor and the low- 
frequency currents will Ije by-passed through the inductor. 

Band-pass Filter. The purpose of a band-pass filter is to allow the 
current of a narrow band of frequencies to pass througli a circuit and to 
exclude all currents whose frequencies are either greater or less than the 
extreme limits of the band (Fig. 12-10). 

Resonant circuits can be made to serve as filters in a manner similar to 
the action of individual capacitors and inductors. The series resonant 
circuit offers a very low impedance to those currents whose frequencies are 
at or near the resonant frequency of the circuit and a very high impedance 
to the currents of all other frequencies. The series resonant circuit (Fig. 
12-1 la) replacing the inductor of Fig. 12-7o would act as a band-pass filter, 
passing currents whose frequencies are at or near its resonant frequency and 
blocking the passage of all currents whose frequencies are outside this 
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naiTOW band. A parallel ipsonant circuit oHprs a wry hi^li imppdanci* In 
tliusp furrents whose freqiieiiries are at nr near its resnnanl frequenev ami a 
relatively low impedance to eiarents of all other fieiiiieneies. Thv paralh'l 
resonant circuit (Fip;. 12-1 H>) replacing the cai)aci(or of Fi#*;. 12-7fq if tuned 



Frequency- 

12-J(). — ('li.'iriictmshf r-iirvi' fur :i sinipli* iKiiiil-pais.s filliT I’iriMiil. 

tf) the same frequency as tlie series resonant cinaiit, will ])n)viite a path fta 
all currents whost' frei|uencies art' oulside the limits of the frt'tp.iency band 
passed by llie series resonant circuit, ('onru'ctin^ the (wo resonant circuits 



(c) 

Filter circuit 

I’lii. 12-11.—Uasif iiiii(.s (if a l)!iii(l-j)/i.s.s filliT circuit. 


as shown in Fig. 12-llc, the simplest type of band-pass filter circuit is 
obtained. 

Band-stop Filter. 4die purpose of a band-stop filter is to oppose the 
How of current for a narrow band of frequencies while allowing the current 
to flow for all frequencies above or below this band (Fig. 12-12). J3and- 
^^top filters are also known as hand-suppression and hand-exclusion filters. 
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Its purpose is opposite to that of a band-pass filter, and the relative position 
of the resonant circuits in the filter circuit will have to be interchanged. 

The parallel resonant circuit (Fig. 12-13a), replacing the capacitor of 
Fig. 12-9a, would act as a band-stop filter, blocking the passage of all 
currents whose frcfiuencies are at or near its resonant frequency and passing 



Fin. 12-12.—C’Jiarapteri.stif riirvp ftir a .siiiijik* baiid-sto]) fillET l irniil. 

all currents whose frequencies are outside this band. The series resonant 
circuit (Fig. 12-13/;), replacing the inductor of Fig. 12-()/.>, if tuned to ilie 
same treipiency as the parallel resonant circuit, would act as a by-pass and 





( a) 

Line unit 





(b) 

By- pass 


Desired frequencies 


AH frequencies - 


Band of \ c 

L:nclesired\ ^ 

frequencies^ 




n:_ 

Filter circuit 


Fin. UiisiL* uiiit.s of a baiid-.stoij filter rirniiii. 


provide a path for the iiiulesired band of frequencies. Connecting the two 
resonant circuits as shown in Fig. 12-13r, the simplest type of band-stop 
filter circuit is obtained. 

12-4. Multisection Filter Circuits. ATcd/or Mulfi^^irrfion Filter Cirrui/s. 
All the filter circuits explained in the previous article have only one section. 
Using these circuits as is, it is impossible to obtain a sharp reduction of 
current at the cutoff frequency. Adding a capacitor, inductor, or resonant 
circuit in series or parallel (depending on the circuit) with the filter circuit 
will improve its filtering action, thus sharpening the reduction of current at 
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the desired frequenry. When the above units are added to a filter eireuit, 
the fonn of the resulting eireuit will resemble the lettei- T or the symbol w. 
They are therefore railed T- or 7r-type filters, depending on which symbcd 
they resemble. Two or more sections of either tlie T- or 7r-type filters may 
be joined to produce a sharper cutoff. 

T-iypv FilUr CircuiiH. tamnecting an inductor in scrii\s with the simple 
low-pass filter (Fig. 12-7f-), a T-type low-pass filter ciicuit is formed (Fig. 
12-14a). Connecting two of these filter ciriaiits, as shown in Fig. 12-14/), 
it can be seen that the two connecting inductors />„ and Lf, c^an be replaced 



(a) (b) fc) 

5inglc-ssctionT-t;ype A two-secHpn T;t;ype Practical two-scctipn 

low-pass fi l+Br circuit low-pass filter circuit lew-pass Filter circuit 


Fid. 12-14. T-tyije li)w-i)a.ss tilifr rirruits, 

by a single inductor (I'dg. 12-14c) whose value is etpial to L„ + Li,. 
As all the inductors originally ar(‘ of the saints size, the center inductor 
L, should have a value of twice the iiuluctaniai of eithiu’ of the end in¬ 
ductors. 



(olJ (b) fc) 

SingIc-SKctionT-typt A two section T-type Praclical two-sectian 

high-pass filter circuit high-puiss filter circuit high-pass Filter nircult 


Fir;. 12-15.—T-tyj>i* liiKh-pans filter rirr-uit.*?. 


Connecting a capacitor in scries with the simple high-pass fdter (Fig. 
12-9c), a T-type high-pa.ss filter circuit is formed (Fig. 12-15a). Connect¬ 
ing two of these filter circuits, as shown in Fig. 12-15/), it can be seen that 


the two connecting capacitors C„ and C?, can V)e replaced by a single capa(4tr)r 


C\ (Fig. 12-15c) whose value is equal to 1 




As all the capaci¬ 


tors originally are of the same .size, the center capacitor C* should have a 


value of one-half the capacitance of either of the end capacitors. 


Connecting a series resonant circuit in series with the simple band-pass 
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filter circuit (Fig. 12-1 Ic), a T-type band-pass filter is formed (Fig. 12-l(ia). 
Cvonnecting a parallel resonant circuit in series with the simple band-stop 
filter circuit (Fig. 12-L'lr:), a T-type band-stop filter is formed (Fig. J2-in^). 

Pi-typc FilUtr Circuits. Connecting a capacitor to the simple low-pass 
filter (I'ig. ]2-7cj, so that the line is shunted at both ends of the inductor 


X__ 

(a) (b) 

Sinqle-SectionT-f^pe band- Sinqle-secti on T-type band¬ 
pass filter circuit stop filter circuit 

I'jtj. 12-1 fj..-T-lyi)i“ liariil-pfusfi and baiid-sloij fdLiT eirciiiis. 

by a capacitor, a 7r-type low-pass filter is fonned (Fig. 12-17a). Connect¬ 
ing t-wo of these filler ciri viils as in Fig. 12-J7/>, it can be si‘en that tVie two 
I'onnecting cajiaeitors C^ and (), can be replaced by a single capacitor C, 






-- -- 


— 


-- -- 



— 

- 

■ - 


CcL 

- - 


- - 

- - 


- 


------- --- 4 - 4 - 4 -- --*- ^ - L 

(a) (b) (c) 

Single-section fT-type A two-section TT-type Practical two-section 

low-pass filler circuit low-pass filter circuit low-pass filter circuit 


I'm. 12-17.—,V TT-typr low-jiass filler l•irr'lli(s. 

(I'lg. 12-17c) whosi' ^'alue is equal to C„ + Ci - As all the capacitors origi¬ 
nally are of the same size, (he center capacitor should have a value of tuice 
the capacitance of either of the end capacitors. 



Single-section TT-type A two-section TT-type Practical two-section 

high-pass filter circuit ^ high-pass filter circuit high-pass filter circuit 

Fio. 12-18.—A TT-tyia? hieli-pass filter eireiiits. 

Connecting an inductor to the simple high-pass filter (Fig. 12-9c) so 
that the line is shunted at both ends of the eapaeitor by an indindor, a 
TT-type high-pass filter is formed (Fig. 12-18a). Connecting two of these 
filter eireuits as in Fig. 12-186, it can bo seen tliat the two connecting indue- 
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toi’s L„ Jind Lh c‘an be replaot'd by a single indurl or L,, [Fig. 12-1 Sr) whose 

value is equal to 1 ^ -b • As all the indnetors nrigiiially are of 

same size, the eenter inductor should hava' a value of one-lialf the inductance 
of either of the end inductors. 



CexJ 

SinglE-seclion TT- iype 
barid^pc^ssfilter circuit" 



Si n g I e -r. c ct i D n 7T -1 ^pe 
Danri stnp filter circuit 


I n;. l‘J-1!). A 7r-tN pc Itand-pass iiinl liand-«if>p filler cinaiils. 


Connecting a jairallel r(‘son:int circuit to the simple band pass tiller 
cinaiit (Fig. 12-1 Ir) so that the liiu' is shunt.eil at bolli ends of (In* sf‘ries 
resonant circuit l)y a parallel n'sonant eircuit, a 7r-tyi)t* iKind-pass filter 
eireiiit is formed (l"ig. 12-H)a). (Connecting a series resonant circuit t(i 

the simple band-stop filter eircuit (I'ig. 12-13c) so that the line is shunted 
lit bolh ends of the parallel r(‘sonant cireuit by a series resonant circuit, 
a 7r-typt‘ band-stop filter eircuit is formed (Fig. 12-!!)/>). 

12-5. Filter Circuits as a Whole. The di'sign of filter cireuils is a sul)- 
jecl for advanced eommunication study; therefori' the eahailation of the 
component parts is loft to advanced texts. I’he choice of the type cif cireuit 
to be \ised is therefore a matter foi* the designing engineer to decide. 
However, the following terms, generally used in i!orm[*etion with filter 
circuits, should be understood. 

^Source Impedance. Impedance of the circuit hvading into the filter 
circuit is called the source impedance. This may 1)0 the plate circuit of a 
tidje, a high resistance, etc. 

Load Impedance. Tlie impedance of the circuit into which the filter 
circuit feeds is called the load impedance. This may be a voltage divider, 
the plate resistor of a resistance coupled amplifier unit, etc. 

Image Impedances. These arc the impedances at each enil of the filter. 
In order that there will be no reflection loss, the image impedance at the 
load end should equal the load impedance, and the image impedance at the 
source end should equal the source impedance. 

CharacierisHe Impedance. This is sometimes called the iterative im¬ 
pedance and is eapial to t he impedance that the filter circuit offers the source. 
Filler circuits are generally designed so that the load impedance equals the 
input impedance. The image impedances for this condition are equal and 
also equal to the characteristic impedance. The image impedance and 
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oharactoristio impedance generally vary with frequency; therefore the two 
measurements must be taken at the same frequency. 

12-6. Other Filter Circuits. m-Dvrived Filter. These circuits arc de¬ 
rived from the basic filter types explainer! in Art. 12-3, and their behavior 
rlepends on a fatdor that is a function of a constant, m. This type of 
filter circuit produces a sharper cutolT than the basic types. Additional 
impedances are inserted into the basic circuit to form either a shunt-derived 
or series-derived type filter. If the additional impedances are added to 
the vshunt arm of the section, the filter circuit is series deriveil (Fig. 12-20). 
If the additional impedances are added to the series ami of the section, 
the filter circuit is shunt derived (Fig. 12-21). 


T 




faJ 

Loi^-pnss 


iii_o 

r6) 

High-ppss 



I'lu. 12-20.—Serios-dpriveeJ m-type filter rirruits. The dnUed impeLlani'L's an* thosii arlded 
to I fir sliiint unit In form llir w-drrived filter eiri iiit. 


RvsiMor-capaciior Cirt'fills. Alany circuits in radio receii^ers and ampli¬ 
fiers carry lioth alternating and direct current. A circuit may carry direct 
current for plate supply and an a-c signal at tlie same time. It is neces¬ 
sary to provide a path for the signal voltages so tliat they may lie applied 
only to certain portions of the circuit. In other words, it is necessary to 
separate the direct current and alternating signal current. 

A convenient means of obtaining this separation is to use a capacitor 
to provide a patli for the alternating current and a resistor to provide a 
path for the direct current. This action is illustrated in Fig. 12-22. The 
circuit of Fig. 12-22a uses a capacitor to allow the passage of the alter¬ 
nating signal current from the screen-grid circuit of a tube to ground. The 
resistor keeps the alternating signal current from getting into the B supply 
where it might cause trouble. The resistor is also used to provide the 
correct voltage for the screen grid by acting as a dropping resistor. 
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The resistor shown in Fig. 12-22() eonneeted between cathode and 
ground is used to sujjply a negative voltage for flip grid of (he tul)e. This 
resistor is usually ot several thousand ohms resistanee and olTers an ini- 
pedance of this value to tlie flow of the signal current. This large imped- 



(c) 

Boinol-poiss Bpinol-stop 


I'm. 12-21.. ►Sluint-cioi ivttd tn-lypo filler i-irfuils. The* tlotltMl iinptrliiiifo.s urn tliosn riddnrl 

lit Ihn isnrin.s unit tn funii thn TM-dnrivnrl filtnr rirnuit.. 


iiiH‘ 1 * to the flow of the signal (!nrrent will retluee it to ii eriiii“al value. At, 
this j)oint in a circuit this largo roduotion in signal curront introduo(;s 
1 logon oration; this action should bo avoided. If a, (‘apaoator is connected 
Mcro.s.s the resistor as shown in Fig. 12-22^, it will provide a path for the 
alternating signal current. This 


diverting of flow of the signal cur¬ 
rent will not affect the obtaining of 
the voltage drop across the resistor 
necessary to produce the correct 
in gative grid voltage. 

Inhere are a number of other 
appli(;ations of resistor-capacitor fil¬ 
ter cirtaiits; these circuits will be 
best understood in their application 
to a definite need in a circuit. There¬ 
fore, their circuits and actions are 



(a) 

Fill. 12-22. - Ilu.si.ytDr-paiftinitor filter r-ircuits; 
(a) filter uelLoii in the pluie or Mcreen-KriiJ 
rireuit, (f/) natliDfle Kritl-fiiaH rireuit. 


discussed in detail as to their appli¬ 
cations to radio-amplifier circuits, audio-amplifier circuits, detector cir¬ 


cuits, etc., in the authors’ BJsffcntials of Radio. 

12-7, Coupling of Circuits. Principles of Coupling. Two eircuits are 
said to be coupled when they have a common impedance that permits the 
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transfer of eleetrieal energy from one circuit to another. This common 
impedanct?, (ialled the cmiplintf dement, may be a resistor, an inductor, a 
capacitor, a transfonner, or a combination of two or more of these' elements. 

Coupling elements are usually reejuired to perform some filter action in 
atldition to transferring energy from one circjiit to another. Conversely, 
every filter circuit contains a section that acts as a coupling device. Cou¬ 
pling circuits and filter circuits are so much alike that it is difficult to state 
wheth('r they should be called filters or coupling units. 4'he choice of name, 
whicli is really unimportant, nia^^ Ije governed by that function wliich is 
lamsidered of major imy)f)rtance. The type of imperlanta; used will be 


Inpui ^ 

Output 

^.I-Rcsisfwnce coupling 

Inpuf- - 

- Output 

fey-Capacitive coupling 

[ 

c 

c 

15 

D 

c 

Input c 

__1 

5 Output 

3 

a 

J 

fey-Auto-transformer coupling; 
combined self and mutual inductance 

Firj. 12-23.-Types uf 


--C 

o 

Input o 

o 
o 

_z 

Output 

tALlndiudive coupling 

Af 



smu 

fo^y-Transformer coupling 

.._._If_- 

Input 

(a.e.and d c.) 

1 

j 

g Oufput 

g (a. c. only) 

o 

1_ _ 


f/7'Inductive coupling.CapoiciiDr 
addedi to block the direct current 

npltvirouiiled i:irfuiLs. 


iletermined by the kinds of current flowing in the input circuit and the kind 
desired in the output circuit. The characteristics of each type of imped¬ 
ance have already been presented in the stdidy of filters. 

Swiplv-coupU'd Cirniits. A simple-coupled circuit is one in which the 
common impedance i imsists of only a single element. A group of simple- 
coupled circuits is shown in Fig. 12-23. 

The resistance-, inductive-, anil capacitive-coupled circuits are also 
called dirccfco-nplvd circuits. In these circuits the coupling is accom¬ 
plished by the current of the input circuit flowing through the common 
impedance, where it produces a voltage drop. This voltage is applied to 




Art. 12-7] 


BASIC ELECT BOX iC CIRCUITS 


445 


the Dutput circuit:, thus rcsultins in a traiisrcr of clcv trical enci^ 2 ;y from the 
input to the output circuit. The output voltage is etiiuil to the product 
of tlie current in the coupling eleiniait and its impedance. 

The Transfomier-coupled circuit shown in I'dg. \2~2A(l is also referred 
to as indir(ct coupling, nmgnHic coupling, or coupling. 

In this type of ctniplirig the transfer of energy is accomplished by tlie alt er¬ 
nating current of the input circuit flowing tluough the primary winding 
and setting uj) an alternating magnetic held, ddit' magnetic lines of this 
tu'ld link the turns of the sei'ondary winding aiul indui'e tln^ voltage tliat 
supplies the c'liergy for tlu‘ output cinaiit. 

In some application.s of coiipling dt vices the input cinaiit may have 
both alternating and direct lairnait flowing, and it is di'sinMl that the 
coiiiiling unit transfer only the abcanatiivg rairrent to the output larcuil. 
'fhe transfoinier-couphal unit Avill serve this piiii)osi^ salisfactorily as it 
will jiass only the alternating (airrenl. 4'he other sim|)le-couiileil circuits 
(Fig. r2-2dri, h, and r) can lie modilied by inserting !i capacitor in series 
with the output side so that no direct curnmt can j-each the load. This 
is illusli'ated hy the circuit of h'ig. l2-2Tr 

ComplcA'-conpIrd A com|)h\\-couplefl circuit is om* in w'hii^h 

the common imj)edanc(‘ consists of Iwn or more circuit, (‘hamails. A fiwv 
of th(‘ numerous types of comidex cou|ding arr^ shnw n in l^hg. 12-2-1. 

The proportion of eneigy transfi'rred in a simple inductive-faaipled 
circuit increases as tlie frei^uency incnaises, while, with simphi capacitive 
cou])ling, tin; proportion of fanagy transhared decreases as the frtnpuaicy 
incri'ases. Using comliinations of two or nioie (‘haniails in the coupling 
unit makes it jiossible to obtain various proportions of eina-gy transfia- for 
in]nits of varying freqiuaicy. h’or exainj)h‘, thf‘ coupling ehanent of Fig. 
12-24f/, is really a series tumal circuit and hence w ill havt^ a minimum imped¬ 
ance at its resonant freriuency. The pro])ortion of emagy transfi;r, too, 
V ill l)e at a minimum value when the fi etiuency of the input, (‘ircuit is espial 
to the resonant frequency of the coupling unit. At fna[ueneies above 
l esonance tlie proportion of entu’gy transf(a’ w ill increase and will be imluc- 
tive. At frequencies below resonancr* the proportion of taiergy transfer 
will also increase but w ill be capacitivi^. The fai-t that the energy transfei- 
is minimum at the resonant frefpn'ncy may be more clearly umlerstood when 
it is stated that the input; side of the filter is generally a part of a series 
circuit, for e.xample, the plate t;ircuit of a tube, as shown in Fig. 12-24e. 
It can now^ be seen that at resonance, when the imperlance of the c.ouplirig 
unit is minimum, its voltage drop will be; at its minimum and the propor¬ 
tion of energy tran.sfer must also be at its minimum. 

In general, the amount of energy transferred will lie proportional to 
the current flowing through the cfmjiling unit and to the impedance of the 
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unit. For purpose of analysis, complex-coupled circuits may be repre¬ 
sented by a simple equivalent circuit, as shown in Fig. 12-24f. 

Coefficient of Coujjling. The ratio of the energy of the output circuit 
to the energy of the input cirtaiit is called the coeffiicieni of couplinf/. Crit/i- 



(c)- Combined indudive and 
capacifivc coupling 


XR ptaf^ 


Input 


\wh^nZ=m}n. 

E=mh. Load 


Series tuned coupling 


Input 


Output 


('6J-Para\\c\ tuned coupling 

M 


Input 




Output 


"—)\ -^- \i — 

firfACombined mutuoil inductance 
emd capacitive coupling 


M 



firAEquivalent circuit of any 
compleM coupled circuit 


Fir. 12-24.—Typinal complex coupled circuits. 


calj tight, and loose coupling are terms used to express the relative value 
of the coefficient of coupling for mutual-inductive (transfoiTner)-couple^l 
circuits. 

Figure 12-25 shows the response curves for tight, critical, and loose 
coupling. When the maximum amount of energy is transferred from one 
circuit to another, the circuits are said to possess critical coupling; this is 
also referred to occasionally as optimum courpling. If the coefficient of 
coupling is higher than that necessary to produce critical coupling, it is 
referred to as being tight; if it is lower than that required for critical cou¬ 
pling, it is referred to as being loose. 

The effect of varying the coupling between two circuits may be siren 
from the response curves of Figs. 12-25 and 12-30. When two circuits are 
very tightly coupled, resonance will be obtained at two new frequencies, 
one below and the other above the normal frequency of resonance for the 
capacitor and inductor used. As the coupling is decreased, the two peaks 
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come closer together until critical coupling is reached and a single peak of 
maximum height obtained. If the coupling is decreased below the critical 
value, a single peak of reduced height is obtained. 

Air-core transformers, commonly used in radio circuits, illustrate the 
importance of the amount of coupling between the primary and the second¬ 



er 

((L) 

Tight 




Loose 


I’lCJ. 12-25. llesspDU.SK luirve.s showing llie eireet of various aiUDUiita of coupling. 


ary windings. As it is difficult to design an air-core transformer in which 
a large portion of the magnetic lines set up by the primary winding will 
link the turns of the secondary winding, the coefficient of coupling is gen¬ 
erally low. A low value for the coefficient of coupling is not objectionable 
in some circuits, as it providers certain desiralile characteristics which will 
be presented in the following article. 

12-B. Characteristics of Mutual-inductive-coupled Circuits. Induc¬ 
tive coupling, particularly mutual inductance as provided by the trans- 
foimer, is the means most commonly used to transfer energy from one 
circuit to another. The characteristics of these circuits depend upon the 
type of circuit, that is, whether a capacitor is connected to the jirimary, to 
the secondary, or to both. The characteristics are also dependent upon 
the amount of coupling between the two circuits. 

Couplvd Impedance. The primary and the secondary circuits of a trans¬ 
former are separate electrical circuits that are magnetically coupled. Each 
circuit has an impedance of its own generally designated as Zp and Z* . 
The impedance of the primary winding, when no load is applied to the 
secondary, consists of the resistance and inductance of the primary wind¬ 
ing. The impedance of the secondary circuit consists of the resistance and 
inductance of the secondary winding plus the impedance of any load con¬ 
nected to the circuit. When the secondary circuit is left open, that is, 
when no load is applied to its terminals, the impedance of the secondary 
will be infinity or so large that it is immeasurable. Under this condition 
the presence of the secondary will have no effect upon the primary circuit. 
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Whon a load is applied to the secondary, the impedance will have a 
significant value and a current Avill flow in the secondary circuit. The 
amount of energy in this circuit will depend upon the secondary voltage 
and impedance. The secondary voltage, hoAvever, is dependent upon the 
number of magnetic lines linking the two circuits. The number of linkages 
is proportional to the coefficient of coupling; therefore the amount of energy 
transferred is also dependent upon the (coefficient of coupling. As the 
(energy in the secondary circuit must come from the primary, it is evident 
that the primary impedance will Vie alTected by the impedance of the second¬ 
ary circuit. The effect of the se(c()ndary cirtcuit upon the primary is e(|uiva- 
kmt to adding an impedance in scries with the primary. This added 
impedance is g(merally referred to as the coupled impedance. 

The numerical value of the coupled impedance of a mutual-inductive- 
coupled circuit may be found by tlie eejuation 


Z 


z. 


2 


(12-1) 


where Z^^ = impedance coupled into the primary by the secondary, ohms 
/ = frequency of the power source, cycles per second 
M = mutual inductance, henries 
Z^ = secondary impedance, olims 
The derivation of this equation is explained in the following steps; 

1. From the definition, two circuits have a mutual inductance of one 
henry wh(m a current in one circuit, changing at the rate of one ampere 
per second, induces an average (jmf of one volt in the second circuit; the 
induced voltage in the second circuit may be expressed as 

= ( 12 - 2 ) 
*2 — H 


This equation indicates that, when the mutual inductance M is one henry 


and the rate of current change 


J p2 -fpl 


is one ampere per second, the aver¬ 


age value of the induced voltage Avill be one volt. In other words, this 
eijuation is deriv^ed from the definition of the unit of mutual inductance. 

2. When an alternating current Ip is floAving, the current is continually 
changing from a maximum value to zero in a positive and negative direc¬ 
tion and at a rate proportional to the frequency. As the alternating cur¬ 
rent Ip is an effective value, the maximum current will be Ip divided by 
0.707. Also, a change in current from the maximum value to zero occurs 
in a period of time corresponding to one-quarter of a cycle. Therefore 
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Ip2 Ip\ -^miix Jo -/^iiiiix 

TT-T T T 

4/ 4/ 

Applying ICq. (12-3) to Eq. (12-2), then 


3. The indueed secondary voltage is expressed as an av^erage value, 
and in practical work it is desired to have it expressed as the effective 
v^aliie E. As the average value is equal to 2/7r (or 0.637) times the maxi¬ 
mum value and the effective value is equal to 0.707 times the maximum 
value, then the effective value may be expressed as 


E, = X 0.707 


0.^)77rc, 
2 ' 


2E. 

b.707'7r 

Substituting Eq. (12-0) in Eq. (12-4), 

= M 

0.7077r 0.707 

or E, = 2wfMlp 

4. The secondary current h will, therefore, be 

, _ 


5. This secondary current upon flowing through the secondary winding 
sets up a magnetic field of its own that induces a voltage in the primary. 
This induced voltage will V)e 180 degrees out of phase Avith the primary 
impressed voltage and is referred to as a counter, or back, voltage. By 
the same reasoning as was usefl to derive the secondary induced voltage, 
it may be shown that this counter voltage induced in the primary will be 

£'.ountcr = 2TrfMI, (12-10) 

Substituting Eq. (12-9) for in Eq. (12-10), 

£cnu„t,.r = {2wfM) (12-1]) 

Z. ” 


( 12 - 11 ) 


(12-12) 
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6. As this voltage represents the efTeet that the secondary has upon 
the primary and as an a-e voltage is equal to the product of impedance 
and current, it may be stated [from Eq. (12-12)J that the effect of the 
secondary impedance upon the primary is 




(12-1) 


The coupled impedance expressed by Eq. (12-1) may be represented by 
an equivalent resistance Eind an equivalent reactant^e connected in series 
with the primary circuit. The numerical values of the eriuivalent resistance 
and equivalent reactance are expressed by the following equations: 


Rp-B = 


= - 


(27r/M)^7^. 
(2wfMyXs 


z/ 


(12-13) 

(12-14) 


where Ep-„ = resistance coupled into the primary by the secondary, ohms 
reactance coupled into the primary by the secondary, ohms 
frequency of the power source, cycles per second 
mutual inductance, henries 
resistance of the secondary circuit, olnns 
impedance of the secondary circuit, ohms 
reactance of the secondary circuit, ohms 
Note: When Xa is inductive, then Xps has a negative sign, and when 
Xg is capacitive, has a positive sign. 


Xp^a = 

f 
M 

Rs 
Zg 
Xg 


Exam-pie 12-8. A inutual-inductance-coupled ciiciiit is shown in 12-26 

together with the circuit values, (a) What coupled impedance docs the secondary 
present to the primary? dO What is the value of the equivalent resistance compo¬ 
nent of the coupled impedance? (c) What is the. value of the reactance component 
of the coupled impedance? (d) Draw the etpiivalent-circuit diagram, (b) What is 
the effective impedance of the primary circuit? (/) What is the primary circuit 
current if the voltage of the 175-kilocycle signal is 10 volts? [g) What is the sec¬ 
ondary voltage? {h) What is the secondary current? 


Given; 


M=0.50mh 


~-/7SMc 


o 

Z(p= o 
/. 7mh o 

10^ S 


o 

Smh 

o 

o 


^load~ 

SOji 


Find; 

(a) Zjt^a = ? 

(5) Rp-a = ? 

(c) = ? 

(d) Diagram 

(0 ZpT = ? 

(/) /p = ? 

ig) Ea = ? 

(h) la = ? 


Fib. 12-2B. 
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(2jrfMP _ _(2»-/^)» _ _ 

ViR. + Ru.h)^ + (27r/A> 

(6.28 X 175_X in> X 0. 50 X 10" ")^ _ 

\/(20 + 80)2 + (6.28 X 175 X 10“ X 3.5 X IQ-”)* 


78.5 ohms 


^ (27rfM)jR. 

_ 301/).50 X 100 
(3S47)2 

= 2.04 ohms 

= ( 

' “ 

_ 3 01,!)5Q X 384 6 
(3847)* 

= 78.5 ohms 



ZpT = ViRp + R,^.)‘ + (Xp - Xp-J* 
= -v/tlO+lS)^ (1868^"78.S)> 


1789.6 ohms 


I 

" ZpT 


0.00558 amp 


— 6.58 ma 
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ig) E, = 2irfMIr> 

= 549.5 X 0.00558 
= 3.06 volts 



_ ^ 

~ 3847 

= 0.000795 amp 
= 0.795 ma 

Examining the results of this example, one (‘.an see that th(i effeet of the 
coupled etpiivalent resistance is to increase the effective resistance of the 
primary circuit. Tlie eijuivalent reactance that is coupled into the pri¬ 
mary by a secondary whose reactance is inductive is opposite in phase to 
the primary reactance and hence redu(;cs the effective reactance of the 
primary circuit. The net result is a reduction in the effective primary 
impedance, more current thtu’cby being alloAved to flow in the primary 
circuit, thus making possible the transfer of more energy to the secondary 
circuit. 

Many of the important characteristics of coupled circuits are explained 
by the effects of coupled impedance. Examination of Erp (12-1) indicates 
that the coupled impedance will be low Avhen the coefficient of coupling is 
low because the value of M de(;reases w^hen the coefficient of coupling is 
decreased. Also, the coupled impedance will be low whtm the secondary 
impedance is high. Thus, whvn the coefficient of coupling is low or when 
very little load is applied to the secondary (high secondary impedance), 
the coupled impedance will be low and the effect of the secondary upon 
the primary will lie negligible. However, when the coefficient of coupling 
is high or when the secondary carries considerable amounts of load (low 
secondary impedance), the coupled impedance Avill be high and the second¬ 
ary will produce considerable effect upon the primary circuit. 

Circuit wiih [Jntuned Primary and Untuned Secondary. The simplest 
type of transformer coupling w^ould be a circuit having an untuned primary 
and an untuned secondary with a resistance or inductance load. Such a 
circuit is shown in Fig. 12-28a. This circuit is often used as an equivalent 
circuit to represent the effects produced by a shield, metal panel, or other 
metal object located near a coil. The effect of the shield or pantil upon the 
coil would be the same as that of a secondary winding consisting of induct¬ 
ance and resistance in series. The coupled impedance of such a cirr'.uit 
will increase the effective resistance of the primary and reduce its effective 
reactance. It also indicates that losses of the coil circuit are increased by 
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an amount proportional to the resistance coupled into the primary by the 
secondary, which is actually the shield or nearby metal panel. 

Circuit with Untuned Primary and Timed Siecondary. The circuit shown 
in Fig. 12-285 differs from Fig. 12-28a in that a capacitor is used in place 



fa,)- Circuit with 

untuned secondary 



Ib)-\}T\\\)r\td primary, 
tuned secondary 


O—)|-WAr 



rcj-luncd primary, 
tuned secondary 


Fin. 12-28.—Fundaiiiuntal transformcr-nnvipled rirruit.s. 


of the resistor in ilie secondary circuit. The commonly used tuned-radio¬ 
frequency amplifier circuit, or its equivalent circuit, is similar to this funda¬ 
mental circuit. 

The secondary is similar to the series tuned circuit studied in Chap. XI. 
Its characteristics will be the same as those of the series tuned circuit. 
At resonant freciuency the impedance will be at its minimum and the cur¬ 
rent at its maximum. The impedance coupled into the primary will be 
large and will have a critical effect upon the primary current. At fre¬ 
quencies above or below resonance the secondary impedance increases and 
its current decreases. The impedance coupled into the primary decreases, 
and the effect on the primary circuit is decreased. 

Circuit with Tuned Primary and Tuned Secondary. This type of circuit 
(Fig. i2-28c) is used extensively in radio receivers. A common example of 
this circuit is the i-f amplifier of the superheterodyne receiver. This circuit 
is very useful for amplifiers because it can be designed to provide an approxi¬ 
mately unifonn secondary current response over the range of frequencies 
that are normally applied to the primary. 

12-9. Band-pass Amplifier Circuits. Ideal Response Curve. The ideal 
resonance curve for the tuning or i-f circuits of an a-m broadcast receiver 
would be one having a flat top and very steep sides. The flat top should 
be approximately 10 kilocycles wide. This Viand of 10 kilocycles is not 
arbitrarily chosen but represents a five-kilocycle side Viand above and Vielow 
the carrier frequency of any transmitting station. These side bands arc 
part of every modulated wave, and the amount its frequency varies from 
the transmitter's carrier frequency will depend on the frequency of the audio 
signal. The frequency of an audible signal will vary from 40 to more than 
10,000 cycles. However, most of the radio receivers in use today generally 
reproduce sounds only up to 5000 cycles. Although many of the larger 
broadcasting stations are equipped to transmit all audio frequencies up to 
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10,000 cycles, they do not do so because of these frequency limits. The 
upper limit of most stations is between five and six kilocycles. The sharper 
the sides of the response curve, the more selective the receiver will be. 
Circuits possessing such characteristics are kn[)wn as band-pass filters, 
band-pass amplifiers, or band-pass circuits. 

This ideal can be approached by the proper use of coupled circuits. A 
band-pass amplifier circuit consists of two resonant circuits tuned to the 
same frequency and coupled together (Fig. 12-2D). The important char¬ 
acteristic of this type of circuit is 
the manner in which the current in 
the secondary circuit varies with 
the frequency when a constant volt¬ 
age is applied to the primary circuit. 
The amount of current flow in the 
secondary is directly proportional 
to the amount of coupling between 
the two windings. The shai)e of the 
resonance curve will, therefore, be 
dependent on the coefficient of coupling and may be a narrow peaked curve, 
a flat-top curve, or a curve having two separate peaks with a hollo\v 
between them. 

Figure 12-30 illustrates the manner in which the current in the second¬ 
ary of such a circuit varies with the amount of coupling for frequencies 
above and below its resonant frequency. When the coeflicierit of coupling 
is low, K = 0.01 for resonance at 500 kilocycles, the secondary tairrent will 
be small, and the curve will be peaked. As the amount of coupling between 
the two circuits is increased, the amount of secondary current will inci ease 
and there will be a reduction in the sharpness of the peak, K = 0.015. 
With critical coupling K = 0.02, the maximum amount of secondary cur¬ 
rent is obtained and the resonance curve will Vie comparatively flat at the 
top and will have steep sides. With tight coupling, t[ie coupled impedance 
at resonance is large, thus reducing the primary current which in turn 
reduces the amount of voltage induced into the secondary, finally therefore, 
reducing the secondary current. This accounts for the decrease in second¬ 
ary currents at resonance for coefliciemts of coupling greater than the 
critical value as indicated by the curves in Fig. 12-30. The reactance 
coupled into the primary is inductive for frequencies below resonance and 
capacitive for frequencies above resonance. This reactance is opposite to 
that of the primary circuit and will therefore reduce the equivalent imped¬ 
ance offered to the applied voltage. The primary current, and therefore 
the voltage induced into the secondary, will increase for frequencies off 



Fig, 12-29.—Band-pasH amplifier cirfiiit. 
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resonance. When the coupling is tight, this action will introduce new 
resonant frequencies above and below resonance corresponding to the 
amount of secondary current. This accounts for the humps in the reso¬ 
nance curves when the coupling is greater than the critical value. The 
current at these peaks is practically the same as the peak current with 
critical coupling. The spacing between these peaks is directly proportional 
to the coefficient of (coupling. 

Width of Band Pa.ss. With critical coupling, the maximum possible 
transfer of energy to the secondary at the resonant frequency is obtained. 



4Z0 440 460 460 500 5Z0 540 560 500 


FrequeriDy, ki locycles 

Fir. 12-30.— Curves showing the vsiriation in secondary current with frequency for a band¬ 
pass circuit. 


With tight coupling, a fairly constant secondary current and voltage can 
be obtained for a narrow band of frequencies. The width of this band, 
measured at 0.707 of the maximum response, is directly proportional to the 
(■oefficient of coupling and the resonant frequency of the tuned circuits. 
An approximate value of the width of this band can be obtained by the 
f ol 1 owing equ ati on: 

Width of band pass = K X fr (12-15) 

where K = coefficient of coupling 

fr = resonant frequency of the tuned circuits 

From this equation it can be seen that the larger the value of K, the wider 
the band pass will be. The coupled impedance Avill also increase with an 
increase in the amount of coupling, thus causing a decrease in the output 
current (see Fig. 12-30). 
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Example 12-9. What is thn approximate width of the frenueiiey band of a band¬ 
pass filter circuit having a resonant freiiuency of 456 kilocycles and a coefficient of 
coupling of 0.02? 

Given: 

K = 0.02 
fr — 456 kc 

Solution: 

Width of band pass = K X fr 

= 0.02 X 456 
= 9.12 kc 
= 9120 cycles 

The most important properties of a band-pass cireuit are the width of 
the band of frequencies it allows to pass and the unifonnity of response 
within this band. Referring to Fig. J2-d0, it can be seen that when 
K = 0.02 the secondary current is fairly constant for a band of frequencies 
between 495 and 505 kilocycles. The response will, therefore, be uniform 
for this band of frequencies with a coefficient of coupling of 0.02 at 500 
kilocycles. As the coefficient of coupling is increased {K = 0.04, K = 0.08, 
K = 0.15), it can be seen that the band becomes wider and less uniform. 

The coefficient of coupling of band-pass circuits is usually of such a value 
that uniform response is obtained for a band of 10 kilocycles. The response 
should decrease rapidly for frequencies beyond these limits (see Fig. 12-30). 

The uniformity of response within a band pass of frequemdes is depend¬ 
ent on the circuit Q and the value of the (;oeflicient of coupling. The 
equation for linding the amount of coupling requirerl to produce maximum 
transfer of energy is usually expressed in terms of the primary and secondary 
(J as follows; 

K, - ( 12 -, 0 ) 

where Kc = critical coupling 

Qp = Q of the primary circuit 
Qs = Q of the secondary circuit 
= Q of the complete circuit 

Figure 12-31 shows that if the circuit Q is too high, pronouiujpd double 
humps occur; and if too low, the response curve is round instead [)f flat. 
Experiments have shown that the best value of Q is approximately 50 
per cent more than that required to produce critical coupling. Sub¬ 
stituting this value in Eq. (12-16) and solving for the circuit Q, we have 


Find: 

Width of band pass = ? 


Vq,q. = ^ 

Ac’ 


(12-17) 
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9 

or QpQ. = (12-18) 

A f? 

From Eq. (12-15) it can be seen that the coefficient of coupling would 
be equal to the width of the band pass divided by the resonant frequency. 
As the width of the band pass is usually about 10 kilocycles and the resonant 
frequency would generally be 175 kilocycles or more, the coefficient of 



Fin. 12-Hl. -ChnrarlLM’iHtirs of a Vuiiirl-pasH amplifier r-irciiit aliDwiiiK the offtnrt t)f eirruit Q 
mi imilrirmity of reapDiiae witliin the haiirl hping passed. 


coupling must therefore be less than 0.057. Substituting this value of K 
in Eq. (12-18), we olitain circuit Q’s greater than 25. 

Example 12-10. A Vmiul-jiass filter circuit is tuned to u resonant frequency of 
456 kilocycles. What values of circuit Q’s are necessary to produce uniform response 
for an 8-kilocycle band? 


Solution: 


Given: 

Width of band pass = 8 kc 
fr = 456 kc 


width of band pass 

= -—-j 

= 4T6 = 

2.25 


Find: 

Qp = ? 
Q, = ? 


_ 2^5_ 
(d.OlTS)* 


= 7346 


If Qp = Q« j then 


Qp = \/7346 = 85.7 
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12-10, Wide-band-pass Amplifier Circuits. Methods Used to Obtain a 
Wide Band Pass. The Avidth of the band of frequencies to be passed in 
the r-f and i-f amplifier circuits of f-m radio receiv^ers and television re¬ 
ceivers is much greater than that Avhich can normally be obtained by the 
-r ^ use of a tuned circuit consisting only of a ca¬ 



pacitor and an inductor. In order to obtain a 
Avide band pass, one or more of the folloAving 
methods are generally used: (1) decreasing the 
value of the circuit Q, (2) increasing the value 
of th(i coefficient of coupling, (3) stagger tuning. 

Idle value of circuit Q can be decreased by 
either adding resistance to the external circuit 
or by increasing the L/C ratio. In the first 
method a resistor is connected either in series 
or in parallel Avith the tuned circuit. As tlie 
addition of resistance to a tuned circuit Avill 
loAver the value of circuit Q, the desired value 
can be obtained by adding the proper amount 
of resistance. The second method is based on 
the fact that tlie Q of a tuned cirtaiit varies di¬ 
rectly Avith the amount of capatdtance in the 
circuit. Thus, by using a larger value of in- 


1 lu. 12-32. -V ariabl['-(!0\ijjliii|; 
i-f traiisfuniicr uspd to iidjuist 
the width of baiiil pass. (7/am- 
marliind Manufacturing Com- 
vany, Inc.) 


ductance and a smaller value of capacitance, 
a loAver value of Q is obtained. The effect of 
A^arious values of Q on the AAddth of band pass 
Avas discussed in Art. 11-0 and is illustrated in 
Fig. 11-5. 


Obtaining a wide band pass by increasing the value of the coefficient of 
coupling has been discussed in the preceding article. The relation between 
the coefficient of coupling and the width of the band pass is illustrated in 
Fig. 12-30 and can be seen by a study of Eq. (12-15). 

A AAide band pass can also be obtained by stagger-tuning several stages 
of tuned amplifier circuits. In this method, each tuned circuit in the vari¬ 
ous stages of amplification invoh^ed is tuned to a different value of fre¬ 
quency, but all are within the desired range of the band to be passed. In 
order to obtain the over-all characteristics desired, the Q of each circuit 
is adjusted to produce a certain amount of overlap. 

Bavd Pass in F-m Receivers and in the Sound Section of Television 
Receivers. The band pass in the i-f section of f-m broadcast receivers is 
loO kilocycles as compared Avith the 10-kilocycle band pass of the i-f section 
of a-m broadcast receivers. The sound section of television receivers is 
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frequency modulated and operates with a band pass of 100 kilocycles. 
The frequency of operation of the i-f section of f-m receivers is also much 
higher than the i-f section of a-m receivers, being of the order of 10.7 mega¬ 
cycles for f-m receivers as compared with 450 kilocycles for a-m receivers 
(see Fig. 12-33). The i-f value of the f-m sound section of a television 
receiver is of the order of 25 megacycles. 

A wide band pass is obtained in f-m receivers by using either stagger 
tuning or overcoupled i-f transformers, the latter being the method most 



generally used. When overcoupling is employed to obtain a wide band pass, 
three i-f transformers tuned to the same frequency are generally used. The 
first and third transformers are single-peaked and just under critical cou¬ 
pling. The second transformer is overcoupled to produce a double-peaked 
response curve (see Fig. 12-34). By applying Eq. (12-15), it can be seen 
that in order to produce a 15()-kilocycle band pass for an f-m receiver the 
coefficient of coupling would have to be of the order of 0.014. In order to 
produce a 100-kilocycle band pass as is employed in the f-m sound section 
of a television receiver, the coefficient of coupling would have to be of the 
order of 0.004 for an i-f value of 25 megacycles. 

Band Pass of the Video Section in Television Receivers. The over-all 
band pass of the video i-f section of a television receiver cannot be sym¬ 
metrical because of the vestigial-side-band method of transmission. The 
ideal response curve for reception of this type of transmission is shown in 
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Fig. 12-35. The operating frequency of video i-f transformers generally 
ranges from 21 to 27 megacycles, and the width of its unsymmetrical 
band pass approximates four megacycles. The ideal response curve is diffi¬ 
cult to obtain; however, by using various combinations of stagger tuning, 
a close approximation can be achieved. The combination used will vary 
with the designer. In general, three or more stages of tuned amplification 
are used. Each circuit may be tuned to a single frequency or may be over¬ 
coupled to produce peaks at two (or more) frequencies within the desired 
range of the band pass. It is beyond the scope of this text to analyze each 
of t he variations that may be used. An example of one of the combinations 

that may be used is illustrated in 
Fig. 12-36. In this combination, 
the first and third stages are over¬ 
coupled and stagger-tuned to dif¬ 
ferent values of frequentjy and 
the second stage is a single tuned 
circuit. From this figure it can 
bo observed that the over-all 
response curve approximates the 
ideal response curve of Fig. 12-35. 

12-11. Delayed-action Cir¬ 
cuits. Inductors or capacitors 
may be used in electric, radio, 
television, and electronic circaiits 
to control the time required for 
the current or voltage to reach a 
certain value. The operation of 
these circuits is based on the time 
constant of the resistance-induct¬ 
ance or the resistance-capaci¬ 
tance combination. These cir¬ 
cuits are generally referred to as 
li-L and B-C circuits. 

Time Constant of Besistance-inductanee Circuits. Inductance, by defi¬ 
nition (Art. 8-1), is the property of a circuit that opposes any change in 
the amount of current flowing in that circuit. The opposition to a change 
in the amount of current is caused by the induced voltage due to the self- 
inductance of the circuit. This induced emf will be in a direction opposite 
to that of the impressed voltage whenever the current is increasing in 
amount and in the direction of the impressed voltage when the current is 
decreasing in amount. 

If an inductor, which may be considered as a resistance and inductance 
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in series, is eonnected to a d-c power source, a current will flow in the circuit. 
The amount of current that will flow will be its Ohm’s law value, namely, 
the voltage applied to the circuit divided by the resistance of the circuit. 
In a circuit having only resistance (Fig. 12-37a), the current will rise to its 

A dj a cent 

^ , sound 

bound carrier Picture carrier carrier 

22.1 26.6 Zfl.l 



Fia. 12-35.—The ideal video i-f response curve for the reception of vestigial-side-baiid trails" 
mission of television signals. 



Fia. 12-36.—Wide pass band for the i-f response curve in the video section of a television 
receiver obtained by use of both stagger tuning and over-coupled i-f transformers. 
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Ohm’s law value practically instantaneously, as indicated in Fig. 12-37?;. 
However, as the inductor has the effect of a resistance and inductance 
connected in series (Fig. 12-38a) the current will require an appreciable 
amount of time to reach its Ohm’s law value, as is shown in Fig. 12-38?;. 

This is explained by the fact thatp 



for the current to reach its final 
value of five amperes, it must pro¬ 
gressively pass through its lesser 
values such as one, two, three, and 
four amperes. Under these condi¬ 
tions, the current is changing in 
amount, and the circuit will have an 
emf induced in it owing to the self¬ 
inductance of the circuit. This 
induced emf will oppose the im¬ 
pressed voltage and thus will pre¬ 
vent the current from reaching its 
Ohm’s law value as long as the in¬ 
duced emf is present. The current 
will, however, eventually reach its 
Ohm’s law value, the time required 
to atrcomplish this depending upon 
the relative values of the inductance 
and resistance. The current increases in a manner indicated by the 
graph shown in Fig. 12-381'; and will rise to ()3.2 per cent of its final value 
in a period of time, expressed in seconds, equal to the inductance of the 
circuit divided by the resistance of the circuit. This is called the 
constant of the circuit and is expressed mathematically as 

L 

R 


<b) 

I’rcj. 12-37.—CharacteristinH of current vs. 
time for a circuit L'ontainiiiK only resistance: 
(a) tliL> circuit, (b) current vs. time charac¬ 
teristics. 


t = 


(8-10) 


where i = time, seconds, for the current to reach 63.2 per cent of its final 
value 

L = inductance of the circuit, henries 
R = resistance of the circuit, ohms 


ExamjyU 12-11. An R-L circuit is used to control the time of closing a relay. 
The relay closes when the current roaches 63.2 per cent of its final value and the cir¬ 
cuit resistance and inductance arc 12 ohms and 2.4 henries, respectively. What is 
the time interval between the closing of the lineswitch and the operation of the relay? 

Given: Find: 

R = \2 ohms t = ? 

L = 2.4 henries 
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Solution: 



2-4 

— = 0.2 sec 


The time required for the current to reach values other than 63.2 per 
cent of the final value follows a curve known mathematically as an exfo- 






^ E-60 


R-t2n : 


ij=om<z 


(u) 



Time, sBconds 



0 0.01 0.02 0.03 0.04 005 0.06 0.07 0.00 0.09 0.10 O.II 0.12 
Time, seconds 
(c) 

I'lo. 12-38.—Characteristics of current and voltage vs. time fur a circuit containing resistance 
and inductance; (a) the circuit, (f>) current vs. time characteristics, (c) voltage vs. time 
characteristics. 


nential curve. The universal time-constant curves of Fig. 12-42 provide a 
simple means of finding the current at any instant of time. 

Further analysis of the R-L circuit will show that, when the current is 
increasing, the voltage drop across the resistance will increase at the same 
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time rate as the euiTent. This is so beeavise the voltage drop across the 
resistance at any instant of time is equal to the product of the current and 
the resistance. Furthermore, as the sum of the voltages around the circuit 
must l)e etiual to the applied voltage, the induced emf at any instant of 
time due to the inductance must l)e equal to the applied voltage less the 



( a) 




Time, Seconds 
( c) 

Iir;. —rimruL'tnrislifs uf rurrciii and voltage vs. time: (a) tlin rin-iiit, (fj) nirrent v% 

time nliariirtcristirs with the switrh in position 2 , (c) voltage vs. time eluirarteristiis with 
the switeh in pi).sitioii 2. 


IR drop. Figure 12-38c shows the voltage characteristics of the circuit 
when the current is building up. 

4'he circuit shown in Fig. 12-39a is arranged so that the R-L circuit 
may either be connected to the d-c power source or be connected so that 
the inductance will be short-circuited through the resistance. If the circuit 
is connected to the d-c power source, a current will flow in the circuit and 
will rise to its Olim’s law value according to the current-time curve already 
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described. When a current is flowing in the circuit, energy is transferred 
to the magnetite field. If the switch (Fig. 12-89a) is changed from position 
1 to position 2, so that the inductance is disconnected from the power 
soun!e and then instantaneously short-circuited across the resistance, the 
energy in the collapsing magnetic field will induce a voltage in the turns 
of the coil and (;ause a current to flow in the circuit. The current will 
decrease as the energy is dissipated in the resistance. The rate at wdiicdi 
the current decreases will depend upon the relative values ()f the inductance 
and the resisianc.e. The current-time changes will also follow an expo¬ 
nential curve but will be a descending curve. As the inductance is now 
actually in parallel with the resistance, the resistance voltage drop and the 
induced emf ^^■ill be equal in value and will decrease according to an expo¬ 
nential curve. The current-time characteristics are shown in Fig. 12-39/;, 
and the voltage-time characteristics are shown in Fig. 12-39c. The time 
in seconds as determined by L divided V)y R now jepresents the time in 
which the current (and voltage) decreases (33.2 pea* cent; hence the current 
and voltage will drop to 36.8 per cent of their maximum values in L/R 
seconds. The time required for the current and voltage to decrease to 
values other than 36.8 per cent of their maximum values can be found by 
use of the universal exponential curves presented at the end of this article. 

Time Conslaiii of Residancfi-capacitancc Circ,uits. Capacitance, by defi¬ 
nition (Art. 9-1), is the property of a (dreuit that opposes any change in 
the amount of voltage. The opposition to a (diange in the voltage across 
a capacitor may be explained by the fact that in order to accomplish a 
change in voltage the number of electrons at the plates of the capacitor 
must be changed. This requires a passage of electrons from one plate of 
the capacitor to the other, and hence a current must flow before there can 
be a change in voltage. If the voltage across the capacitor is increased, 
electrons will flow from the positive plate to the negative; if the voltage 
across the capacitor is decreased, electrons Avill flow from the negative 
plate to the positive. In either case a current flow must precede a change 
in voltage at the plates of the capacitor. 

If a perfect capacitor, that is, one having no resistance, is connected 
to a d-c power source, a high current surge will flow instantly and will 
charge the capacitor. As the capacitor becomes charged almost instan¬ 
taneously, the amount of current flow will decrease rapidly. The capacitor 
will charge to the value of the impressed voltage, and the current flow will 
diminish to zero practic.ally instantaneously. 

If the capacitor or its circuit contains resistance in addition to the 
capacitance (Fig. 12-40a), the capacitor will become charged to the same 
value of voltage but will require a longer period of time to reach its final 
value. The voltage increases in a manner indicated by the graph shown 
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in Fig. 12-40?) anrl will ri.so to 03.2 per cent of its final value in a period of 
time, expressed in seconds, e(|ual to the product of the capacitance and 



(a) 



Time, seconds 
(ffJ 



Fin. 12-40. ■ Charurtpristic’a of rurmit and volLapn vs. time fur a [.-irnuit roiitaining resistantt* 
and riiparitanrc: (a) tliP rinniit. (M fapiirdtor vults vs. tiinp charartpristifs, (c) current and 
rc'sistunrp volts v.s. tiirip idiaracteristic.s. 


resistance of the circuit. This is called the time constant of the circuit and 
is expressed mathematically as 


t = CR (12-19) 

where t = time, seconds, for the voltage across the capacitor to reach 
()3.2 per cent of its final value 
C = capacitance of the circuit, farads 
R = resistance of the circuit, ohms 
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Example 12-12. Wlmt is the time constant of an autoinalie-volumo-eoiitrol filter 
circuit that uses a 1.25-megohin resistor and a 0.25 microfarad cajiacitor? 

Given: Find: 

R = 1.25 megohms ( = ? 

C = 0.25 Mf 

Soluti on: 

i ^ Cli = 0.25 X 10 “ X 1.25 X 10“ = 0.H125 sec 

The time required for the voltage to reaeh values oilier than 63.2 per 
cent of the final value follows an exponential eurve. Tin; universal time- 
constant curves of Fig. 12-42 provide a simple means of finding the voltage 
at any instant of time. 



( cl) 



(b) 



fcJ 


Fia. 12-41.—Characteristics of current and voItaRe vs. time: (a) the circuit, (b) current vs. 
lime characteri.sticB witli the switch in position 2, (c) voltage vs. time characteristics with 
the sw'itch in position 2. 
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If the SM’itf h in thn firtiiit of Fi^- 12-11 a is rlospd to poj^ilion 1, the 
vf)ltiiKC‘ unil f’virrenl (harncteristifs of the eireuit will conform to the 
volta^e-liiiH* arid eiirrent-tiine furve.s shown in Fi^. 12-40. While a cur¬ 
rent is flowing!; in the eireuit, enerp;y is heiriR stored in the capacitor. If the 



switch (I'iff. 12-1 In) is clianged from j)osilion 1 to position 2, the energy 
stf)red in the capacitor will cause a current to flow in the resistor and tlie 
capacitor will ilischar^^e thrDii^j;h the resistor. At the instant of elosin^i; the 
switi’li the current ^^ill he at its highest value (Ohm’s law value) and will 
decrease exponentially, as sliown in Fi^. 12-4H). 4’he voltage across tlu^ 
capacitor and resistor will he eipial in amount and will also decrease expo¬ 
nentially with time, as is sho\\'n in Fig. 12-41 r. 


Tahi.f, XII I.—AscFxniM; ( riivF 


k 

Prr rent nf 

— 

k 

Per rent of 

1 k 

: Per rent nf 

1 iiiH' 

maxi Ill 11 Ml 

time 

maxi mum 

! time 

maximum 

1 ‘on.stn.nts 

' valur 

nmslaiits 

value 

(‘must ants 

vjiliie 

0.00 

O.(KK) 

1 0.70 

50.3 

1 

i 2. .50 

01. S 

0.05 

' 4.0 

! 0.80 

55.1 

: 8.tM) 

05.0 

0.10 

; 0.5 

1 0.1)0 

' 50.8 

3.50 

07.0 

0.15 

' 14.0 

1 1.00 

i 63.8 

ji 4.(K) 

O.S . 2 

0.20 

IS.l 

i 1.20 

1 6!).!) 

S 4.50 

OS. 0 

o.;io 

; 25.0 

i 1.40 

! 75.3 

: 5.(K) 

00.3 

0.40 

38.0 

1.00 

■ 70.S j 

1 . 5..50 

00-6 

0.50 

80.8 

1 1.80 

83.5 

: 0. (M) 

00. S 

0.00 

45.1 

2.(X) 

SO. 5 

7.(K) 

00.0 
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J^tnvrrsal T'imc-ro7it>tant Ciiri'cs. The time rtMiiiiied fi)r the current uf 
an R-L circuit or the voltage across the eai)acitor ol' an R-C circuit to 
reach values other than 1)3.2 per cent of their final values may l)e deter¬ 
mined malliematically hy use of suitable eipiations. The mathematics 

T.Anij; XII II. I)K.sri:vi)i.M; ('i r\ i; 


k 

Jh'j- cent of 

k 

, r(‘r cent nf , 


I’er coni of 

1 iine 

maxinuiiu | 

1 iiue 

ina.xiinuni 

t inn* 

iiiMximum 

eonsl an Is 

value i; 

c.rnisl ant.s 

valiii* i| 

Cdlisl Mills 

value 

0.00 

j .. 1' 

100 

(1.70 

41).7 

2.50 

S.2 

O.Oo 

!)5.l 

O.SO 

1-1.!) 

:l.(W) 

5.0 

0.1(1 

i 00.5 i; 

().!)() 

40.7 jl 

;i.5l) 

5.0 

0.15 

Sti.o ii 

l.(M) 

MX i: 

1 .(M) 

1.8 

l).2() 

SI.!) 1 

1.20 

! ;io.i 

1.50 

1. 1 


VI-1 

1.10 i 

24.7 1; 

20.2 r 

5.(H) 

0.7 

0.10 

: (i7.() Ii 

I liO 

5.50 

0.1 

0.50 

' (id. 7 ;■ 

1 SO 

1(1.5 ' 

(1.00 j 

0.2 

O.tiO 

51 .!) li 

2.m 

15.5 !' 

7.00 1 

0.1 


invohaMi is beyond thi‘ scope planned for this text. A sliort(M- and more 
coiui'iiient method of determining the tim(‘ naiuiied to attain any per- 
eentaiiit' of the linal value is l)y use of time-const an I cur\es. As all the 
ciirrent-tiin(‘ and voliaKc-tirne relations vary cx|)oiu'ntially, it is possible 
to r(‘present these variations by the two ^emaal exponential curves shown 
in Ki(!;. 12-42. These curves are plotttal from values obtained mathemati¬ 
cally and listed in Tables Xll-T anri XII-IJ. 


Kj(t})ip(c 12-111. All R Ij nirraiit u.sntl to punlrol I lie art ion of a awitrli has a 
resisl of 12 ohms ami an imluplancc of 0.5 liniiry anrl is ronncrlcil it) a six-voll 

lialliTA-. [n) If thn switnli r)f)rrales wfinn Ihn rurreni attains H:i.2 per i-nnl of its 
final valiit', what tiinn is nniuircd to operate tin: switrli-' {b) If tin* swilnh r[:[|uir['H 
‘KKJ niilliain|H*ii*.s to operate, what is the tiim: hetwoen lln* start of ourrent flow ami 
the elosin^: of the switrh? 


(liven; 

R = 12 ohm.s 
L = 0.5 henry 

Solution: 

L 0.5 

(a) / = ^^ = ^- = 0.041G sne 


Finil: 

(a) I =-- ? 
{h) t = ? 


fb) Maximum current value = 


R 

R 


6 

12 


0.5 amp 


400 

500 


X ItX) 


= 80 per cent 


Per cent of maximum current required to operate the swileh 
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From curve, Fig. 12-42, A: = 1.6 


I 


L 1.6 X 0.5 

k - = ^ = 0.0666 sec 

R ] 2 


Example 12-14. A 0.005 microfarad capacitrir and a two-megohm resistor are 
conneeled to form an R-(' circuit . If the K-C combination is connected to a 300 volt 
source of d-c jiower, what time is required for the voltage across tlie capacitor to 
reatdi (ri) 100 volts, (h) 200 volts, (r; 270 v«dt.s? If the capacitor becomes fully charged 
(300 volts] and is then discharged through the two megohm resistor, what time is 
required to discharge the capacitor tfi (rf) 250 volts, (c) 200 volts, (/) 110 volts, {g) 
50 volts? 


Given: Find; 

It = 2 megohms t = ? 

C = 0.005 nf 

Solution: 


(a) 




(L-) 


(d) 


{c) 


if) 


ig) 


Per cent of maximum value = —X 100 = 33.3 per cent 
h (from Fig, 12-42) = 0.40 

t = kCU = 0.40 X 0.005 X 10'» X 2 X 10^ = 0.CX)4 sec 
Per cent of maxiinuin value = “ X 100 = 66.6 per cent 


k (from Fig. 12-42) = 1.1 

I = kCH = 1.1 X 0.005 X 10-8 X 2 X 108 = 0.011 sec 

270 

Per cent of maximum value = 7 —^ X 100 = 90 per cent 
k (from Fig. 12-42) = 2.27 

t = kCR = 2.27 X 0.005 X lO ® X 2 X 10" = 0.0227 sec 
, 250 

Per cent of maximum value = X 100 = 83.3 per cent 


k (from Fig. 12-42) = 0.19 

t = kCR = 0.19 X 0.005 X 10 “" X 2 X lO" = 0.0019 sec 


Per cent of maximum value = X lOO = 66.6 per cent 
k = (from Fig. 12-42) = 0.40 

I = kCR = 0.40 X 0.(X)5 X 10-8 X 2 X 10® = 0.004 sec 
Per cent of maximum value = X 100 = 36.6 per cent 
k = (from Fig. 12-42) = 1 

t = kCR = 1 X 0.005 X 10-« X 2 X 10® = 0.01 sec 

50 

I’er cent of luaxiinum value = — X 100 = 16.6 per cent 

300 

k = (from Fig. 12-42) = 1.8 

t = kCR = 1.8 X 0.005 X lO"® X 2 X 10* = 0.018 sec 


Uses of Delayed Action Circuits. There are numerous applications of 
R-C and R-L circuits both in radio and in industrial electronics. A few 
of the applications are as follows. 
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A grid-leak detector circuit uses a capacitor and a resistor coniicclcil 
in parallel in the grid cirt-uit of the rle'toctor tube. Actually this R-U 
combination is a time-constant circuit, and the values of R and U are 
chosen to produce a time constant of suMicicnt duralioii so that tlie charge 
on the capacitor gained during the ])t).sitive half cycles does not lia\'c (imi^ 
to completely discharge through the resistor during the negalivt' half 
cycles. Other examples of tiine-(‘onstant circuits in radio apparatus include 
automatic volume control, relaxation oscillatoi', and trigger circuits. 

Industrial applications of time-const ant l■ircuits include i*ont rolling the 
length of time for a specifir' manufacturing opiaation, timing of electric 
welders, timing the exposure of jdiotf)finishing proi‘css(‘S, timing of iiisl ru- 
ments, producing rc]:)eated action for life tests, and niotoi* control. 

The electrical principles presented in tliis text i)rovide the necessary 
background for the study of radio, television, anrl electronic circuits as 
presented in the aiillu)rs’ Essentials of Radio. 
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QUESTIONS 

1 . ia) What is meant hy the.stray l•^Teet.s rjf influrlors, capacitors, anrl resistors? 
(h) How is each of the circuit clcmcnls alTcctcd by the stray cITects? 

2 . Why is it necessary to have filler circuits in a radio rcro'ivcr.'' 

3. (rx) What are the csseiUiMl parts of a filler circuil? ih) Explain the action of 
each part. 

4. Explain the f)urpose of using each of the following units in a filter cirf iiit; 
(a) capacitor, ( 6 ) inductor, (r) resistor, (d) series re.sonant circuit, fc) j)Mriillel 
resonant circuit. 

6 . (a) What is meant by a low-pjiss filter circuil? [h) Draw a simple circuit, 
and explain its action. 
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nyules)? T(j the lnwe.st fr(*r|uenpy carrier wave usually obtained in a radio re¬ 
ceiver (5(K) ke)? What, o|)i):jsiti<)n is offered by the inductor to (n) A riOOO-eyele 
signal? (r/) A 5(X)-ki* signal? 

11 . A 1 henry elioke I'oil ainl a O.l /if capacitor are cf)iinei led as sliown in Fig. 
12-[le to form a high pass liller eircuil. What oj)position is offered by the capacitor 
(ft) to tX) cycles (jMJwer (lisLurt)iiiices)? {h) "I’o al2tK)-cycle a-f signal? What opposi¬ 
tion is t)ffered l)y the inductor (r) tt) 60 cycles? (d) T[) 12(X) cycles? 

12 . A resistor and a capacil or are connected as shown in J''ig. 12-22. Tlie resistor 
has a value of .o(K)0 ohms, and (lie cajiaci tor has a value of 0.5/if. (ft) What iinjiedaiice 
does this capatdtrir offer to a otXKl-eycle curifuil? (/i) Which path will tdie fiOOO-cycb; 
curri'iit take? 

13 . A circ.uil siniilMr to the one shown in hig. 12 22ft is to lie us(m1 in the r-f st age 
of a receivi'r. Jl is (lesiir;d that (he cajiacitor offiu- an iniiiedance of 100 times that 
of the resistor whosi* value is (iotK) idiins. Wluil size; capacitor is reiiuired if the signal 
is 1500 kr? 

14 . A I'ircuit similar lo the one shown in I'ig. 12-225 has the following values: 
the n‘sis1or has 72(X) ohms, anil the capacitor has a value of 20 /if. (ft) What im- 
piidance does the capacil or offer to a5(XX)-cycle current? (5) W ill the a-f signal How 
througli (he resisloi- oi' ihi^ caiiacilor? 

IB. W hat value of indiictanci* is reijuired in a 27.6 ini' I rap of a television video 
i-f circuil if thi' capacitor usimI has a value of t2/i/xf? 

16 . W4iat value of inductanci* is rei|uired in a 20.t)-mc trap of a ([devisioii video 
i-f circuit if the capaciloi' used lias a value of 2-t /i/if? 

17 . W'hat is (he approximate width id’ the frec|U(‘ncy hand pa.sseil by a liand-pass 
ainplilier circuit having a resonant frcciucncy of 260 kc and a coidlicient of coupling 
ofO.O.'kS? 

18. What is the Hp|ii oximate width of the freipiency hand passed hy a band-jiass 
amplihiu' circuit having a resonant freiiueiicy of 4ti5 kc and a coenicieiit of coupling 
of 0.02? 

19 . What coclhcient of ciHi|)ling is reipiired to produce a 150-kc hand jiass at an 
o|)crating freiiueiicy of (ft) S.H me? (5) !) me? 

20. W hat coefficient uf coupruig is required to produce a HXl-kc hand pass at an 
opeiating frequency of (ft) 21.5 me? (5) 26.25 me? 

21. It is desired (hii( a hanil jiass amplifier ciri-uit having a resonant frequency 
of 4tX) kc pass a haiul of frequencies S kc wide. W'hat value of coefHcient of coujding 
is l equired? 

22. It is necessary that the critical coupling of an induclanc('-cou|ded liaiul-pass 
circuit he equal ( oO.lX)S. If (he circuit Q of the iiriinary and secondary circuit are 
equal tii each other, what is their value? 

23 . W’hat is the resonant frequency of (he circuit in Prob. 22 if the band passed 
is to be 10 ke wide? 

24 . A band-iiass filter to be used in the i f anqilificr circuit of an a-in broadcast 
radio receiver must pass a band 10 kc wide centering about a frequency of 465 kc. 
(ft') Wffiat is the coefficient of coupling? (5) W'hat is the circuit Q? 

26. W’hat is the capacitance of the tuning capacitors used in Prob. 24 if the pri¬ 
mary and secondary inductances are Vioth 2 mb? 

26. The tuning capacitors used in the band-|)a.ss circuit of Prob. 17 have a capac 
itaiice of 35 /i/if. (a) What i.s the value of the inductance of the primary and sec¬ 
ondary circuits? (6) W’liat is their value of Q? 

27 . W’hat would Vie the value of tVie inductance in Proli. 17 if the tuning capacitors 
liavp a capacitance of 70 /i/if? 
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2B. It is dnsircil that a bantl-pass Lurcuit used in t he i-f aiuplilinr nf an a-in lirnad- 
PMst railio reeniver pass a hand 10 ke wide. The fircuit Q is eriual t o 08.5. (n) Wlmi 

value nf coeflieicnf of coupling is required? (rv) What arc (he extreme limits of the 
frequency band passed? 

29. The primary and secondary inductances in Proh. 28 are both 4 mb, WluU 
is the capacitance of the tuning capacitors? 

30. It is desired that a band-pass circuit used in the i f amplifier of an a-in l)roail 

cast radio receiver pass a band 10 kc wide. The Q of tin; circuit is eiiual to 40. (r/) 

What, value of coefficient of coupling is rcfiuircd? 1^/;) What are the extreme limits 
of the frequency band passed? (c) Wluit is the (‘.apacita,nei‘ of (he timing capacit.ors 
if the inductance of the prinuiry and secondary wirulings are li rnh each? 

31. A low-current d-c nday tliat has an imiuct ance of 25 henries is conned ml in 
seri(‘s with a 1000-(dim resistor to form an li L time del;iy control (ircuit opiualed 
on a J10 volt d-c circuit, (a) What is the time constant of (he circuit? (f)) If the 
I clay closes when the curiamt is 88 ma, wliat time elapses helween closing t he lini' 
switch and operation of the relay? 

32. A low-current d-c relay having an inductance of 10 henrii's is to close 0.02 
sec aft er the line swit.ch is i IdsimI. Whal- value of resist iir slioiil il lie cuniiei'ted in 
series with the relay if il closes when t.he current readies fa) 1>H.2 j>er lamt, of its iinal 
value? (t/) 80 per cent of its linal value? 

33. An a-m broFidcast hand reeeiviu'is to have an Id- circuit with a time constant 
nf 0.2 siu' for its avc cinaiit.. (a) What value resislur is r[![piiri'd if a0.1-/xf capacitor 
is used? (M Wliat value resistor is reipilrcd if a 0.15 ^f l•al)ac,itr)^ is used? (c) 
What value cajiacitor is requircai if a l-mcgoluu resistor is usial? 

34. A grid-leak detector circuit cmilains a 250 M^f capacitor, shunted by a J-inog- 
olim resistor, (a) Wbat is the time constant of this circuit? (5) If tiie highest a-f 
signal to be apidied to the circuit is 50(K) cycles, whot i.s tln‘ time rerjuired to com- 
idete ^^^me of these cycles? (r) Under the conditions of (a) and (5) will the capac 
itor ever hecome coiiqiletely discharged? (d) Uxplaiu answer to (r)? 

35. A 0.05Txf cajiaiiitor and a 0.5 megohm resistor are cnnriocted to form an 
R C circuit. The R-C crmibinatiou is coimcded to a 250 volt d c source, (n) WdiaL 
time is required for the voltage across the capacitor to reach 50 volts, 100 volts, 200 
vrdts? (5) Wliat cuiTcnl hows when the switch is rloseil? (r) What current flows 
when the voltage across the capacitor reaches 2(X) volts? (d) If the caiiaeitor is 
fully charged and is then discharged through the 0.5 megohm resistor, wliat, is the 
current at the instant it si arts to discharge? (c) What is the value of the voltage 
RC seconds after the capacitor starts to discharge? (/) At what time will the capaci¬ 
tor be discharged to half voltage? 

36. What is the time constant of an R-C circuit in the sweep secti on of a television 
receiver if the value of the re.si.stor is 2.2 megohms and the value of the capacitor is 
0.05 Mf? 

37. What is the time constant of an R-C circuit in the vertical deflection circuit 
of a television receiver if the value of the resistor is 470,000 ohms and the value of 
(he capacitor is 0.1 /if? 

38. What is the time constant of an R-C circuit in the horizontal dellBction 
circuit of a television receiver if the value of the resistor is 680,000 ohms and the 
value of the capacitor is 820 /x/if? 
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Coil or loop antenna. 



Doublet antenna. 


^i|i|p 


Battery. 


(f6 or id Bot S 
gage vv/re) 


Ground 
y' chmp 



N^aresf v/oihrpipe 
orgrvund 

Ground. 



Ammeter. 
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Milli am meter. 



VoUmctcr. 



Hill ding po.st. 



Lim* plug. 



Fuse. 




Frequency meter or wave meter. 


I II B 

t—IrT 

Cl 111 duct ora not joined. 



Conductora joined. 



Key. 




Cloaed circuit jack. 



Open circuit jack. 




Multiple circuit jaok. 
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m 



Siut^le-pule single-throw switch. 



Multiplivrlefk circuit-selector switch. 


yingle-pole double-throw switch. 



Drjubli'-jiole single-throw switch. 



Double-rjoli) double-throw switch 




Double-polf* double-throw 
reversing switch. 



Single-deck circuit-.s elect or switch. 



I'lxod rcsistiir. 



Adjustnblo resistor. 


rm/^ 

Tapped resistor. 



P D t cnti o m eter. 
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Thermo element. 




Variable inductor. 
(Variometer.) 





Tranaformer, air-norB. 


Inductor, air-core. 



Inductor, iron-core. 




n 



Adjuatablo inductor. 



Tranaformer with variable coupling. 
(Variocoupler with the moving coil 
indicated.) 



Three-circuit tuner. 




NDIX 1 


“)l~ 

rixinl i ripj 
(P«I»i?r, mit 



Spllt-Btator variable! capacitur. 
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Gaii^Bil variaV) 1 e capacitors. 
Mechanical linkage. 



Earphones, 


Q: 


Coaxial cable. 



Twin coaxial cable. 



Shielded cable. 



Shielded ooiL 


I-1 



1_I 


Shielded capacitor. 



PcrmaiiBiit-magnBi dynamic speaker. 




Crystal phonograph-pickup. 
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Half-wave rectifier, 
directly heated cathode. 



Full-wave rectifier, 
directly heated catLodo. 



Half-wave rectifier, 
indirectly heated cathode. 



Full-wave rectifier, 
indirectly heated cathode. 






Tetrode, indirectly heated cathode. 



Pentode, indirectly heated cathode. 



Duplex-diode triode. 



Triode, directly heated cathode. 


Heam-power amplifier. 
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Cuthnde-niy tube, 
olectrustutic-defloctiou type. 


CaLhotle-ray tube. 
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T(Min 

Ampere (also see Curreiil). 

Milliampere. . 

MieroMinpere. 

Ampere-tuiii. 

Amerii'aii Wire GaUKe . . 

A m p 1 i 1 u il e -in 0 d u 1 MI e il. 

Allele. 

J*liMSE‘ aii^le. 

All! f'liiifi. 

Ajipareiit power (also see Vrdt-ainperes). 

Area . 

Girevilar mils. 

Sijiiare rentirnelers. 

Square iiiehr^s. 

('aijarit aiire. 

G a pa fit, or. 

(-on flue lane e. 

Gonstant,, dieleetric. 

C'osiiie. 

Goulomb. 

C'0ijpl ing, c0cfTiei ent;. . 

Gurrent. 

Aliernatiug. 

Average value. 

Direel. 

EITertive value. 

1 11 s t a n t a n e 011 s value. 

Maximum value. . . 

Signal. 

Cycles. . 

Per second (also see Frequency). 

Kilocj^cle. 

Megacycle. 

Decibel.. 

Density, flux. 

Diameter. 

Distance. 

I'^fficieney. 



Ablu i'viiit ion 

a 01 ' ani|i 

ma 

^a 

AT 

AWt; 

a in 


ant 
A V 
A 

fin or fir mils 
sq fin 
si| in 
G 
(1 


cos 


a-c or A-G 
d-c or D-G 


c/see 

kc 

me 

db 

d or diam 
elT 
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Term 


lClfu;tiomr)tive force. 

I'JirelriifllMtie unit . 

KnoiKy 

r.'ir.'Kl. 

Mierf)fiiiail . 

MirroniicrofarJiri. 

IMux, iniiKijetie. 

Dtoisil y. 

. . 

MaKiirl iiinol ive .. 

Krciiueiicv ... 

Auilii). . 

lilt rrmfMlinltv . 

Moilulfilioii. 

H.julii). 

Iti'.sfmaiiee. 

llltrahinli. 

(iiiusfscs (iiiaKiicIir inrluflioiij. 

(lilhn l (uiiil of iria^iieloiiifitivp force) 

(Iroiitul. 

Ili'iiry (iinil of irolucl.‘iiiccI. 

Millilicnr.N’. 

MicTolii'iiry.. . 

InipiMlimce. 

I iiiluci self-. 

Miilujil . 

Iiileiisily, iii:i|;fielic liehl. 

Kilo . 

Keo^l li. 

Miixwcll (one iiiapiiietic line). 

MrHuliiu. 

Meier (measure of lengiVi). 

(Vent iinel er. 

Milliiuel er . . 

Oersled (unit of inagnel.ic intensity).. 

Ohm. 

reniieabilit y . 

I’enueance. . 

I’i .. 

J’ole, !S orth seeking. 

Soul h seeking... 

l'o\^er. 

I’ower fact or. 

I’riinary.. . 

Keaelance ... 

liiilurtivp.. 

Capacitive. 



Symbol Abbreviation 


E emf or EMF 

. esu 

W en 

. f 

. Mf 

. 

R 

F 

. minf 

/ 

. a-f 

. i-f 

. f-m 

. r-f 

fr 

. uhf 

B 

F 

. gnii 

L h 

. mh 

. mIi 

z 

L 

M 

II 

. k 

I 

0 

Ml2 

. m 

. cm 

. mm 

H 

12 or u 
(P 

IT (3.1416) 

S 

. p or P 

. P-F 

P p or pri 

X 

XI 
Xc 
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Symbol 


Abbreviation 


Reluctance. 

Resistance. 

Root mean square. 

Secondary. 

Sine. 


Switch. 

Single-pole single-throw. 

Single-pole double-throw. 

Double-pole single-throw. 

Double-pole double-throw. 

Three deck, four circuit, eight positions. 

Temperature, coefficient. 

Degrees centigrade. 

Degrees Fahrenheit. 

Thickness. 

Time... 

Turns, number of. . 

Volt. 

Kilovolt. 

Millivolt. 

Microvolt. 

Voltage. 

Average value. 

KiTective value. 

Instantaneous value. 

Maximum value. 

Signal. 

Volt-ampere. 

Kilovolt-ampere. 

Wail. 

Kilowatt. 

Kilow’att-hours. 

Milliwatt. 

Microw^att. 

Wave, continuous. 

Wavelength. 

Wire, single-cotton-cDvercd.. . 

Double-cotton-covered . 

Single-silk-covered. 

Double-silk-covered. 

Enamel, single-cotton-covered. 

Enamel, double-silk-covercd. 


spat 

spdt 

dpst 

ilpdt 

3D-4C-8P 


VA 
KVA 
W or P 


v-a or V-A 
kva 
w 
kw 

kwhr or kwh 





















































APPENDIX III 


FORMULAS COMMONLY USED IN ELECTRONICS 


Note; Th<^ numlinrs MppeiiriiiK oppnsilo ihn pqiiniioiis I'orrrspond t o ihn nuinbnrs 
of thn Harno oqujitiniis in thr text ur to tho Kquaiiiins frniii wiiirdi tiiny wore dprivt'il. 
ThpHC iiuiiihorH arc iiu lurlpr] t o r.iriliialp reforruinp to figurpH, text, and iionipiudaturt' 
when Hutdi ref[;renee is rlesirahle. 


DIRECT CURRENT 


Ohm’s Law 

VoltaRe 


= //; = - = y/ilp 


r, Ip 

Current = " = = ^ — 

Ji E \Ir 


, . E P J'P 

llesistance ^ ~f ~ ~P 


Power 


= El = PR = - 


r .n ^ 

Lnergy = / P; power = —; tunc = — 

Series Circuit 


(2-6), (2-12), (2-13) 
(2-5), (2-12), (2-14) 
(2-7), (2-14), (2-13) 
(2-12), (2-14), (2-13) 
(2-15 j 


r- 

1 

1 

1 

1 

1 

1 

1 

1 

iL 

-- 

^ - 

^-->- 

1 

1 

1 

1 

1 

1 

- WsAA/^ - 


- VWNA - 

V 

— TT^ 


^ ^2 ^3 


- ----- 

Piu. A-1. 

Rt = r, -h r2 + ra , etc. 

Tx = Rt — (ra + Ta , etc.) 
Et = Cl + fa H- Cs, etc. 

Fi = Et ~ (Ci + ^3, etc.) 
/r = ii = ’= = “Is , etc. 

Pt = Pi -h P2 Pi , etc. 
4[K) 


(4-D) 

(4-!)) 

(4-8) 

(4-S) 

(4-7) 

(4-10) 
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Parallel Circuits 

Two rcsistoiB in parallel 



r, Ti 

PjTi 

Ti — Ut 


Any number uf resistors in parallel 



1 1^1 

- + - + - , etc. 
r\ r-i r-i 

Eq' = f'l = Gi =»= Cs, etc. 

J ^ %\ ^ 5f ~f*" ^3 y UtC- 

la = It ~ ~1" > etc.) 

Pt = Pi 4" P 2 T 7>3 , etc. 

ALTERNATING CURRENT 


Ohm’s Law 


P 

Voltage = IZ = y p p 


E P 

Current = - = -y, j, 

Imi)edaiice = y = + {X l — oO’ 

Power = El P-F = PR 
Power factor = — = ® 


Energy = PT 


(8-9), 


(4-I4o) 

(4-14l>) 


(4-14) 

(4-13) 

(4-12) 

(4-12) 

(4-10) 

(8-9), (10-3) 

(8-9), (10-3) 

(10-5), (10-1) 
(10-3), (2-14) 
(10-3), (10-5) 
(2-15) 
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ESSENTIALS OF ELECTRICITY 


R Ai 



RESibtance and inducfive rcwctance 


R Xc 



Z 


Resistance and capacitive reactance 


R Xz, Xc 



Resistance, inductive reactance and capacitive reactance 



Any combination of resistances.inductive reactances and capacitive reactances 
Fig. A-4, 


Series Circuit 


Scries 

circuit 

Kesistance 
and inductance 
(Fig. A-4a) 

Resistance 
and capacitance 
(Fig. A-4b) 

Resistance, induc¬ 
tance, and capacitance 
(Fig. A^n) 





Z = 

\/R^ -1- Xi? 

VR' + JCf* 

Vi?* -h {Xl^ - Xl)^ 

R = 

Xc = 

v/2* - Xi} 

vz* - /e* 

v^Z* - Jfc* 

VZ“ - (A-t - Ac> 
VZ* - R> + A'c 

A'l- %/Z“-li* 


For combination of resistance, inductance, and capacitance (Fig. A-4d) 

Z — \/(Ki + fla + , etc.)* + {Xli + Xl^ + Xi,^, etc. 

— X^y — Xci — Xci, etc.)* (10-2) 
Et ” El + Cl + Cl + Bi , etc. (to be added vectorially) 

/j. » i| >■ ij a 13 = 14 j etc. 

Fr — »! + Pa + Pi H- p4 , etc. 
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Parallel Circuits 

Two impedances in parallel 



Zt 


ZiZi 
Zi -h Z2 


Zi 


Z'pZ’i 
Z^ — Zf 


(11-28) 

(11-28) 


Any number of impedances in parallel 

Zt'. No single equation is available for this type circuit. For solution see Art. 10-0. 
Kt = Cl = 62 = C 3 I etc. 

/y. = i, + 12 + i 3 , etc. (to be added vectorially) 

Fr = Pi + p 2 + P 3 , etc. 

INDUCTORS 


Single-layer Coll 

^ ^ {siNY 
9a + 10b 

Xl = 2x/L L = 

z = 

^ R ^ R 


2irf 


(8-5) 

( 8 - 6 ) 

( 8 - 8 ) 

( 11 - 11 ) 



Fio. A-0 


Inductors In Series 

Lr = Li -h L 2 + Li , etc. (no flux linkage between coils) 

Xi^j, = Xli + Xli H- Xl, , etc- (no flux linkage between coils) 
= Li Li zt 2K VL 1 L 2 (flux linking the coils) 


Inductors In Parallel 


Lt “ 


1 


X Lt — 


Xli^ Xl,'^ Xlj 


, etc. “ 


(8-16) 

(B-IB) 


(8-18) 
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KtiSKNTIALS OF ELECTRICITY 


Mutual Inductance 

,_ Mi 

M = K ; Li = 

A*£/2 

Coefficient of Coupling 

VhiU 

CAPACITORS 

_ 22.4r)^A( Ar - 1) 
lOM 


Xc 


10 “ 

27r/f; 


15!),000 

JO 


(whou C is in microfarads) 


z = + AV 


P !• 


R _ 7 ^_ 


Capacitors In Series 
Two capanitnra 


C7 = 


C 1 C 2 

Cl + c. 


Ci = 


CtC. 
C, - Ct 


Any number of capacitors 
Ct ~ 


1 1 1 
+ ^ + 


Xrr = Xfi + A"T; -|- Xca, otc. 


H)" 

27,/Cr 


Capacitors in Parallel 

Ct = Cl + C= + C. , etc. 

,, 1 10" 

JL (7 T — " — 

JL _J_ 

A'n Xcz A'ca 

RESONANCE 

Series and Parallel Circuits 


fr - 

L - 



25,3001 


Jr is expressed in kilocycles 
L is expressed in mirriihenries 
C is expressed in microfarads 


(8-13) 

(8-13) 

(B-2) 

(!)-4) 

(»-7) 

(9-8) 


(9-9) 


(9-9) 


(9-9) 


(9-10) 


( 11 - 6 ) 
(11 7) 
( 11 - 8 ) 
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Series Resonant Circuit 

L c le 


—— 

— 1( — 


1 

^ ^—>. 


- - J 

1 

1 

1 

1 

1 


- ^ - 

J’li;. A-7. 

= Vir Vix,. -- .Vr)-' 


AL ri?,si)njiiuM‘ 


Z — U (iiiiniiHUiii value po.saiijli*) 
E 

I — - (iiiaxiiuuiu value pti,s8il»le) 

Exj = Exr = W 

Parallel Resonant Circuit 



Z = 


ZtTz2 


At resonance 


Z = Zi,Q (niaximuni value ohtainaljle) 


7 = ^ (minimum value ohiaiiialjle) 


( 10 - 1 ) 

( 11 - 10 ) 

( 11 - 12 ) 

( 11 - 20 ) 


(11-28) 


(11-33) 

(11-29) 


Width of Frequency Band for Single Resonant Circuit at D.7o7 of the Maximum Re¬ 
sponse 

A (11-21). (11-22) 


COUPLED RESONANT CIRCUITS 

Width of Band Pass 

/2 - /i = Kfr (12-15) 
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ESSENTIALS OF ELECTRICITY 


Critical Coupling 


Kc 


1.5 

VQpQ. 


QvQ- 


2.25 

Kc^ 


RELATION BETWEEN WAVELENGTH AND FREQUENCY 

^ 300,000^ 

f \ / is expressed in kilocycles 
300,000 X is expressed in ineiers 

DELAYED-ACTION CIRCUITS 


Time Constants 

Resislancc-induciance circuit 


Resistance-capacitance circuit 


i = 


L 

R 


t - CR 


(12-17) 

(12-18) 

( 1 - 2 ) 

(1-4) 

( 8 - 10 ) 

(12-19) 




APPENDIX IV 


TABLE OF SPECIFIC RESISTANCE AND TEMPERATURE 
COEFFICIENT OF VARIOUS METALS AT 20°C 


Material 

Description 

Specific 

resistance, 

oliins per 
cir-iiiil-ft 

Teniperatiire 
corflicient, 
per “0 

Advance. 

Copper, nickel 

2D5 

0.000018 

Aluminum. 

Wire 

17 

0.00388 

Bifiniuth. 


700 

0.00135 

Brass.‘ 

Copper, zinc 

40 

0.002 

Cadmium . . 


4i) 

0 0038 

Carbon. 

Graphite 

2000-7r)(X) 

-0.0003 

Climax . ... 


530 

0.0007 

Conataiitan. 

Same as ailvancc 

2!)5 

0.000018 

Copper. 

Hard-drawn 

10.1 

0.004 

Excel! 0 . 


5(i0 

0.00016 

German silver. 

Nickel, copper, zinc 

200 

0.00038 

Gold. 


14.5 

0.00342 

lala. 

(k)ppor, niiikel 

205 

0.000(X)5 

Iron. 

C'ast 

450-570 

0.006 

Lead. 


130 

0.0038 

Man^aiiin. 

Manganeae, copper, nickc*) 

2fi5 

0.(K)0006 

Mercury. 


505 

0.(XK)72 

Monel. 

C'opper, nickel 

205 

O.OOJ98 

Ni chronic. 

Nickel, chromium 

600-000 

0.0004 

Nickel 


40 

0. fX)62 

Phosphor bronze. . . 


47 

0.0012 

Platinum. 

Pure 

00 

0.00367 

Silver. 


9.8 

0.00377 

Steel. 

Soft 

95.4 

0.005 

Steel. 

Hard 

275 

O.OOlfi 

Tin . 


69 

0.00425 

Tungsten. 


34 

0.0046 

Zinc. 


35.2 

0.00372 
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APPENDIX V 


BARE COPPER WIRE TABLES AT 26 DEGREES CENTI¬ 
GRADE, 77 DEGREES FAHRENHEIT 


A.W.G. ftiirl 
Brown and Sharpi; 
eaugn 

Dianiotnr, mils 

Area, circular mil.s 

Olinifl per 1001) ft 

1 

28U. 3 

83,090 

0.1264 

2 

257. fi 

66.370 

0.1593 

*J 

220.4 

52.640 

0.2009 

4 

204.3 

41.740 

0.2533 

5 

181.0 

33,100 

0.3195 

n 

162.0 

26.250 

0.4028 

7 

144.3 

20,820 

0.5080 

H 

128.5 

16,510 

0.6405 

D 

114.4 

13,090 

0.8077 

K) 

101.9 

10,380 

1.018 

11 

DO. 74 

8,234 

1.284 

12 

80.81 

6,530 

1.619 

13 

71. Di) 

5,178 

2.042 

14 

64.08 

4,107 

2.-575 

15 

57.07 

3,257 

3.247 

16 

50.82 

2,583 

4.094 

17 

45.26 

2,048 

5.163 

18 

40.30 

1,624 

0.510 

W 

35.89 

1,288 

8.210 

20 

31.06 

1,022 

10.35 

21 

28.46 

810.1 

13.05 

22 

25.35 

642.4 

16.40 

23 

22.37 

509.5 

20.76 

24 

20.10 

404.0 

26.17 

25 

17.00 

320.4 

33.00 

26 

15.D4 

254.1 

41.62 

27 

14.20 

201.5 

52.48 

28 

12.64 

159.8 

66.17 

29 

11.26 

126.7 

83.44 

30 

10.03 

100.5 

105.2 

31 

8.93 

79.70 

132.7 

32 

7.D5 

63.21 

167.3 

33 

7.08 

50.13 

211.0 

34 

6.31 

39.75 

266.0 

35 

5.62 

31.52 

335.5 

30 

5.00 

25.00 

423.0 

37 

4.45 

19.83 

533.4 

38 

3.06 

15.72 

672 . G 

39 

3.53 

12.47 

848.1 

40 

3.14 

9.89 

1069.0 

41 

2.80 

7.84 

1323 

42 

2.60 

6.22 

1667 

43 

2.22 

4.93 

2105 

44 

1.98 

3.91 

2655 

45 

1.75 

3.06 

3460 


498 





APPENDIX VI 


DIELECTRIC CONSTANT (K) AND DIELECTRIC STRENGTH 
(VOLTS PER 0.001 IN.) OF VARIOUS MATERIALS 


Material 

Dielectric 
constant, K 

Dielectric 
strimgth, volts 
per O.tXll in. 

Air. . 

1 

SI) 

Aluminum oxide layer . 

10 

Uakelite. . 

t) 

5IK) 

Cambric, varnislied. 

i.r> 

12(X) 

CU; ramies. 

5 UX)0 

Cordierite. 

Tr 5.5 


M veal ex. 

t)-K 


Steatite 

(i. 1 


Titanium dioxide .... 

90-170 


C Milton. . 

300 

hi her. 

11.5 

50 

(ilasR, com moil. 

•1.2 

200 

Isolaiititc... 

8.5 

Mica.. 

5.5 

2(XX) 

Oil, castor. 

4.7 

880 

IX'raiiol. 

4.2 

850 

Transformer. 

2.-1 

250 

Paper, beeswaxed. 

8.1 

1800 

Paraffined . 

2.2 

1200 

Shellacked . . . 

8.4 

Porcelain. . 

5.5 

750 

t^uartz . . 

4.5 


Hesin. ... 

2.5 


Stvrene (polvinerized) . 

2.4-2.9 


Tantalum oxide laver . 

11.5 


Water, pure.i 

81 



XDTK: Tlvp values given in the aliovc table may vary consiiJerably (lepencliiiK upon 
the gualily and manufacture of the material. The values in the table are average 
values; for greater accuracy, values should be obtained from the manufacturer of 
the materials used. 
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APPENDIX VII 


STANDARD COLOR CODING FOR RESISTORS^ 

There are two methods of plaeing the color identification on a 
resistor. In the first method, illustrated by Fig. A-!J, the body 
color A rt‘j)resents the first figure of the resistance value; one 
end or tip B is colored to represent the second figure; a colored 
hand or dot (f') near the center of the resistor represents the 
luiiuber of zeros following the first two figures. By this system, 
a J50,00()-ohm nNsistoi; would be colored as follows: 

Body, brown Tip, green Dot or band, yellow 

In the second method, illustrated by Fig. A-10, the colors are 
indicated by a sei’ies of bands or dots generally placed at one end 
of the resistor. In order to obtain the value of a resistor, with 
this method, the colors are read starting from the end or tip and 
going toward the center. With this system, a 750,000-ohm 
resistor would be colored as follows: 

Band A, violet Band B, green Band C, yellow 

An auxiliary color code has been established, covering the 
tolerances of resistors. The tolerances are indicated by the 
following colors, wliich appear as a fourth band or dot placed on 
one end of the resistor: 


Gold, 5% Silver, 10% None, 20% 


^ For tlip idpiitifii’iitioii of rpsistaiipo values of small carbon-type resistors, 
numbers are represented by the following colors: 


0—Black 

1— Brown 

2— Red 

3— Orange 

4— Yellow 


5— Green 

6— Blue 

7— Violet 

8— Graj’ 

9— White 


Three colors :ire u.sed on eneh resistor to identify its value. 
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''-Tolercrnce Tof^ranve* 


Fiq. A-9. Fig. A-10. 


Application of Color Code 


Resistance^ 

ohms 

A 

B 

C 

Resistani'e, 

ohms 

A 

B 

C 

50 

Green 

Black 

Black 

25,000 

Reil 

Green 

Orange 

75 

Vinlet 

Green 

Black 

30,000 

()raiig(‘ 

Blaik 

Orange 

100 

Brnwn 

Black 

Brow'n 

40,000 

Y(‘1I()W 

Black 

Orange 

150 

linnv'u 

Green 

Brown 

50,000 

( inM‘11 

Black 

Orange 

200 

Red 

Blank 

Brown 

00.000 

Blue 

Black 

Orange 

250 

Red 

Green 

Brow^n 

75,000 

Violet 

Green 

Orange 

300 

Orange 

Blank 

Brown 

1 100,000 

Brinvn 

Black 

Yidlow 

350 

Orange 

Green 

Brown 

120,000 

Brown 

Red 

Yellow 

400 

Yellow 

Blank 

Brown 

150,000 

Brown 

Griu'n 

V id low 

450 

Yellow 

Green 

Brown 

200,000 

Red 

Black 

Yellow 

500 

Green 

Blank 

Brown 

250,000 

RimI 

Green 

VYllow 

600 

Blue 

Black 

Brown 

300,000 

Orange 

Black 

Yellow' 

750 

Violet 

Green 

Brown 

400,000 

^'ellow^ 

Black 

Yellow 

1,000 

Brown 

Black 

Iliul 

500,000 

Griaui 

Bhick 

5" el low 

1,200 

Brown 

Red 

Red 

600,000 

Blue 

Black 

Y id low 

1,500 

Brown 

Green 

Red 

750,000 

Vir,lei 

Green 

Yidlow 

2,000 

Red 

Black 

Red 

mil 

Brown 

Black 

Green 

2,500 

Red 

Green 

Red 

11M12 

Brj)wn 

Green 

Green 

3,000 

Orange 

Black 

Red 

2MiZ 

Real 

Black 

Green 

3,500 

Orange 

Green 

Red 

3MR 

Orange 

Black 

Green 

4,000 

Yellow 

Black 

Red 

4MB 

Yr3llow 

Black 

Green 

6,000 

Green 

Black 

Reel 

5MB 

Green 

Black 

Griicn 

7,500 

Violet 

Green 

Red 

OMB 

Blue 

Black 

Green 

10,000 

Brown 

Black 

Orange 

7Mi2 

Violet 

Blai‘k 

Green 

12,000 

Brown 

Red 

Orange 

HMiz 

Gray 

Black 

Green 

15,000 

Brown 

Green 

Orange! 

9MB 

White 

Black 

Cireen 

20,000 

Red 

Black 

OrangeJl 

10Mb 

Browi; 
_L 

Black 

Blue. 
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Mira fiaparilrjrs that am not stJiinj)Rrl with their eapanitnnpe values usually are 
niarkefl with three or rnr>rf‘ colored riots and with an arrow or other syiiihol indicating 
tin*, se(]uenc[‘ in which the riots are to he reatl. The eafiaeilance values sire in micro- 
loicrrjfararls, and the color cr)d(‘ is the same ns the one used for ri'sistors. The three- 
dot IIMA crjlor r;odr', shown in Kig. A 11a, is usiul for cairacit ors whose working 
voltage is TitK) volts anti for which one or more of the fidlowing conditions ajrply: (1) 
Ihi' loleranci* is grr'alcr than 10 per cent, f2t Ihe cainicitam r* rating is li‘ss than lO^Mf, 
(:Vi the capaeiltrnee rating has only one nr two signilieant figures. Tii this system, (he 
ctdor of Ihe lirsl tltjl iinlicates the value of the lirst signilieant figiirt* of tin* cajraci 
tancr*; (lie secoml dot indicat(‘s th(‘ wsecoml figure; ami the thinl tint indicat(\s thi‘ 
value of till' mult i[)lying factor. iMir indicaliug the capacitance of capaci fors having 
three signilieant liguri's (he live ami six-dot sysliuns, sliown in Figs. A-llf’, A lid, 
anil A lie. jire used. The .systems using more than rhre(‘ [lots provide a dot to iridi- 
laile (hi‘ eap.'ieil aiice trderance. Th(‘ six-dot system also provitles a dot to indicate 
lh(‘ d-e working vtrllagr*. Tin' use of the cairai'itor eolor code can hi'st heunderst orrtl 
hy reference to the ftrllowing table, the examples listetl in the accomiranying 1 alrle of 
npirlieation.s of the rmlor code, and the diagrams of the various sysh'ins shown in 
I'Mg. A ll. 



Front View fti) 

, Somef/mes 
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Capacitance in Michomichofahads U/if) 


Color of 
dot 

Significant figures 

Multiplying 

factor 

Per cent 
tDlLTllllCe 

D-c working 
voltage 

A 

B 


D 

K 

P 

Black 

0 

0 

0 

1 



Brown 

1 

1 

1 

10 

1 

100 

Red 

2 

2 

2 

100 

2 

200 

Orange 

3 

3 

3 

1(X)0 

3 

300 

A'ellow 

4 

4 

4 

10,000 

4 

400 

(ireen 

5 

5 

5 

100,000 

5 

:»()0 

Blue 

6 

G 

6 

1.000,(MK) 

G 

fiOO 

Violet 

7 

7 

7 

10,(K)0,000 

7 

700 

Gray 

8 

8 

8 

UK), 000,000 

8 

800 

White 

a 

y 

y 

1,000.000,000 

9 

900 

Gold 




0.1 

5 

nm 

Silver 




0.01 

10 

2000 

No Color 





20 

r»fK) 


AiTLII ATION ()¥ CULOK CoDE 


SysItMii, 

Tin. 

A-ll 

Ihiiw, 

Uiiicu, 

tifii 

I’ IT 

l-.LMlt (*f 

tiiler- 

aru‘ii 

Dc 

wiirk- 

iiiK 

vollajfO 

A 

li 

c 

D 

K 

F 

f«) 

0. IXK)(K)5 

5 



Dluck 

Cireon 


Black 



(a) 

0. DIMM) 12 

12 



Brown 

Red 


Black 



in) 

11. f)t>035 

350 



Orani^D 

Green 


Brown 



(ri) 

0.(K)U4 

400 



Yellow 

Black 


Brown 




tJ. fJ0()U25 

25 

2 


lied 

Green 


Black 

Red 


(b) 

0.0(1(175 

750 

5 


Violet 

Green 


Brown 

Green 


ib) 

0,00(1 

(MMM) 

10 


Blue 

Black 


Rod 

Silver 


[r)Ad) 

n 0003 

300 

1 


OranKo 

Black 

Black 

Black 

Brown 


(c-).(d) 

11.000125 

125 

3 


Brown 

Red 

Green 

Black 

OriLiifte 


(rJ.Crf) 

0, (MIS 

SOOO 

20 


finiy 

Black 

Black 

Brriwii 

No i:r»lfir 


(P) 

0,0()(M)02 

2 

4 

1000 

Boil 

Black 

Black 

Sil viT 

Ycilrjw 

Gold 


0.000025 

25 

10 

500 

UmI 

Green 

Black 

Gold 

Silver 

No color 

(A 

0.0003 

3 (Ml 

20 

300 

UraiiKf 

Black 

Black 

Blar-k 

No wdor 

Orange 

(e) 

0.0075 

7500 

5 

000 

... i 

VinU'l 

rjrccn 

Black 

Brown 

Gold 

Blue 








APPENDIX IX 

STANDARD COLOR CODE FOR TRANSFORMER LEADS 

In order to identify the various leads of transformers used in 
radio equipment, the Radio Alanufacturers’ Assoriatinii has 
adopted a set of standards tliat are used by most manufaeturers. 
The following diagrams indicate the color of the leads fur the 
three types of transformers most generally used: 


6/ack-start 


O 

O 

o 

o 

o 

Primary o 
O 
O 

o 

o 

Black andyelhv^^ 
SOlSOstriped § 
design o 


Finish 
Black if 
untapped 


Black and red 
SO/SOstriped 
design if primar^ 
uses tap 


Yelhyv 


O 50/50^nped 
^ _ YeHovt^ 


Red 


O 

o 

o 

o 

^ Ye How and red 
O FO/SO striped 
I o design 
o 
o 
o 

Red 


Green 


g. Green and velio ii^ 
O ^0/50 striped design 
Green _ 


Brown 


^ Bro^n and yello w 
O SO/SOstriped design 


Brown 


Slate 


^ Bhfe and_ yellow 
O 50/SO striped design 
Slate _ 


(a)- POWER TRANSFORMER COLOR CODE 


Rectifier 

filament 


Rectifier 

plate 


Amplifier filament 
Winding t/o. I 


Amplifier filament 
Winding Nq.2 


Amplifier filament 
Winding No.3 


I'm. A’. Mallory it: Co., Inc.). 
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P/crfs 


Blue 


Green 


B^- 


O 

O 

O 

Beof ^ 


o 

o 

pi^f^ Slu^ or broyy^. 


(Start) 


§ 

O 

Q Btack 


(^rec/? vr yellow 


fStarV 


Grid 

Return ,1 

. _ I ofmovtng ewtj 


^or high side I 
> of moving coitJ 


Grid 


The upper portion (that code above the dotted line) 
for single primary and/or secondary transformers 

reJ-COLOR CODE AUDIO TRANSFORMERS 


Plate 


Blue 


■ 


Red 


o 

o 

o 

o 

o 

o 

o 

o 

o 


Green 


Green and btack 


O 

O 

o 


Black 


r^^-COLOR CODE IF TRANSFORMERS 


Grid 

or 

diode 

Full 

wave 

diode 

Grid or 

diode 

return 


Fig. A-1 2.— ( CouHnuvd.) 






APPENDIX X 


TRIGONOMETRY 


Tho solution of a.c. problems frequently involves adding or 
suldracting tjUiintities such as voltages, currents, and ohinages 
by means of vetdors. The mathematical solution of these 
problems requires the use of trigonometry. The method of 
solution presented in the text makes it possible to solve all such 
problems by the use of right triangles. The following state- 
mtuits apidy to any right triangle and are illustrated in the 
figure below. 

1. A right triangle is one in which one of the angles is a right 
angle (00 degrees). 

2. The hypotenuse is the side opposite the right angle. 

3. The legs of a riglit triangle are the 


two sides that form the right angle. 

4. The sine of any angle 6 is etpial to 
the side opposite tliat angle divided by 
the hypotenuse, 

5. The cosine of any angle 9 is equal 
to t he side adjacent to that angle divided 
by the hypotenuse. 

(). The stpuire of the hypotenuse is 
equal to the sum of the squares of the 



6 

Fiti. 


two legs of the triangle. (This is also 


commonly known as the theorem of Pythagoras.) 


sin 

.4 =5 

c 

a = c sin A 

c 

a 

sin A 

cos 

.4=^ 

c 

b = c cos A 

c 

h 

cos A 

sin 

n = ^- 

c 

b = c sin B 

c 

h 

sin B 

cos 

/? = " 

c 

a = c cos B 

c 

_ a 
cos B 


c" = a* H- 

= c’ — b- 


= -- a 
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SINE AND COSINE TABLES 


Degrees 

sin 

COB 

1 Degrees 

Bin 

CDS 

0.0 

0.000 

1.000 

21 5 

0.31)6 

0.930 

0.5 

0.009 

1 000 

22.0 

0.374 

0.927 

1.0 

0.017 

0.999 

22 5 

0 383 

0.924 

1.5 

0.026 

0.099 

23 0 

0 391 

0.920 

2 0 

0.035 

0.999 

23.5 

0.399 

0,017 

2.5 

0 013 

0.999 

21.0 

0.407 

0.913 

3.0 

0.052 

0.91I8 

24.5 

0.415 

0.910 

3.5 

0.001 

0.998 

25 0 

0.422 

O.fJOO 

4.0 

0.070 

0.997 

25.5 

0.430 

i).\m 

4.5 

0.078 

0. 907 

i 26.0 

0 438 

0.899 

5.0 

0.087 

0 996 

26.5 

0 446 

0 805 

5.5 

0.090 

0.995 

27.0 

0 454 

0 H91 

6.0 

0. 101 

0.994 

27.5 

0 462 

0.887 

6.5 

n.i]3 

0.9!)3 

28.0 

0.469 

0.883 

7.0 

0.122 

0.992 

28.5 

0.477 

0 879 

7.5 

0.1.30 

0.991 

29.0 

0.485 

0.875 

8.0 

0.139 

0.990 

29 5 

0 492 

0.870 

8.5 

0.148 

0.989 

30 0 

0.500 

0 860 

9 0 

0 156 

0.988 

30.5 

0.507 

0.862 

9.5 

0 105 

0.980 

31.0 

0.515 

0.857 

10.0 

0.173 

0 985 

31.5 

0.522 

0 853 

10.5 

0.182 

0 983 

32 0 

0.530 

0.848 

11.0 

0.191 

0 981 

32 5 

0.537 

0 843 

11.5 

0.109 

0 980 

33 0 

0 544 

0.839 

12 0 

0.208 

0 978 

33 5 

0 552 

0 834 

12.5 

0.210 

0 976 

34 0 

0.559 

0.829 

13.0 

0.225 

0 971 

34 5 

0.566 

0,824 

13.5 

0.233 

0.972 

35.0 

0.574 

0.819 

14.0 

0.242 

0 970 

35.5 

0.581 

0 814 

14.5 

0.250 

0.968 

36 0 

0.588 

0 809 

15.0 

0.259 

0.966 

36 5 

0.595 

0 804 

15.5 

0 267 

0.963 

37.0 

0.602 

0.798 

16.0 

0.275 

0.901 

37.5 

0 609 

0.793 

16.5 

0.284 

0.959 

38.0 

0.616 

0.788 

17.0 

0 292 

0.956 

38.5 

0.622 

0.783 

17.5 

0.301 

0 954 

39.0 

0 629 

0.777 

18.0 

0.309 

0 951 

39.5 

0.636 

0.772 

18 5 

0.317 

0.948 

40.0 

0.643 

0.766 

19.0 

0.325 

0.945 

40.5 

0.649 

0.760 

19.5 

0.334 

0.942 

41.0 

0.656 

0.755 

20.0 

0.342 

0 940 

41.5 

0.063 

0.749 

20.5 

0,350 

0.937 j 

42.0 

0.669 

0.743 

21.0 

0.358 

0 933 j 

42.5 

0.675 

0.737 


507 








































APPENDIX XII 


SINE AND COSINE VALUES FOR ANGLES GREATER THAN 

90 DEGREES 

Thn tables of Appendix XJ list (he values of sine anti ettsint' for angles 
l)etween 0 and IK) tle^rt‘es. In some instaiie.es, il is desired Itt obliiin (he 
sine of an|y;;les j*;realer than !)() deKret\s; (bey may be tiblained in (he follow¬ 
ing- manner: 

When d is bolAvi'en 1)0 and 180 degret^s 

sin 6 = eos {6 — 00) 

Example: What is the sino of 137 iIokioos? 

sin 137" = cos (137 - !)()) 

= cos 47“ 

= 0.()H2 

When 6 is between 180 and 270 tl(‘Kie(‘s 

sin 0 = — sin (6 — 180) 

Example: What is the sine of 218 iJeKroes? 

sill 218" = - sin (218 ~ 180) 

= - sin 38“ 

= - O.OMi 

When d is between 270 anti 300 dt'^n't's 

sin 0 = — fos (0 — 270) 

Example: What is the sine nf 33(» ilo^iees? 

aiii 336'^ = -- cos (330 ~ 270) 

= — cos 60° 

= - 0.407 


509 



APPENDIX XIII 


ANSWERS TO PROBLEMS 

Ndtf, 1; AnHwrrH mi i‘ |>rnviili‘il fi)r ajiproximul L‘ly 50 l ont of thi* |)ri)l)l[‘iiis. 
J‘lxcc|(l ill :i I'cw ^■!lsl‘s, hiiswims iirv prov'iilcil fnr llio oilil-iuiinliiMncl i>ri)i)l('iii!s. In- 
.Htnu-tors UHiiin lliiis Icxl cmii |iiir<-|i;ist‘ :i i‘niiij)li‘.l,[* aii.swcr liuuk froiii llio jiulilishi'r. 

Ndtk ‘J ; As far as is pract icalilr, .all 'aiiswri-.s art* arruriita In at haist thrc*!* si|ij- 
nilifiiiil finurrs. 


Chapter I 

1. 250 iiu'tcrs 

3. liO nil* 

6. (a) ().02(1S sec 
(h) 0.05:J7 see. 

7. (a ) 1.345 miOers 
[b) 4.414 fl 

9. 4().S7.5 ryclrs 

11. 0.0753 n, 

13. (ri) 4tiS7.5 <■yi•l^‘s 
[I}) SO I'yi'las 

16. ((f ) 0.0iSS5 sin* 

[b) 0.(K)107 si-t! 

17. 151 .on 

19. (f/) 0.113 ft 
1.13 ft 
(r) 11.3 ft 

21. (<f) 350 cyrlrs 
(5 ) 150 cyi'Uvs 
(f) 750 cN'i'Ii's 

(also 250 r\'i*lf*s) 

23. (a) IIKH) raiulle power 
(M 250 eaiiillf pawer 
(r) 40 l•alllllp power 

26. (fl) 075,(H)0,IKX) nir 

[b) i;.75.(HH),(HK).tHK),tKK) eyries 

27. 3.00 met IMS 

29. 1.51 meters or 4.05 f( 

1.47 met ers or 4 .S2 ft 

31. WDU 122.5 meters 
KKLl) 2SS.4 meters 
WMIUV 211.2 meters 
\\ li I L 15.70 me 
WL.\r 250 met em 
WIMT 12 me 


Chapter II 

1. 20,007 ilyni's (reimlsioiij 
3. 01.53 dynes (rejml.siim) 

6. 40,000 dynes (repulsiDii) 

7. 0.15 amp 
9. 48 ohms 

11. 0,007 ma 
13. 0.(K)5 olim 

16. 170 volts 

17. The resistor that lerpiirew 250 vulla 
fnr 2.5 ma 

19. The 2.50.0(K)-i>liin resistor 

21. KK) watts 
23. 33.0 amp 

26. The 2-hi) motor 

27. 335.7 kwh 
29. $0.25 

31. 2.38 kwh 
33. 325 volts 

36. 400 volts 

37. 0.141 amp 
39. 0.12 nil 

41. (fl) 10.5 olims 
(6) 3.78 watts 
43. $0.30 

46. («) $1.35 
(5) $3.00 

47, (fl) 07.5 watts 
(5) 1.0 watts 
(c) 1083 ohms 

(»/) 250,(XX1,0(K) ohm.s 

Chapter III 

1 . 7cells,series 
3. 33 voU.s 
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6. \ C’plls, parallel 

7. 8 ri^lls, tAvn groups in parallnl, f‘iii*Ii 
group CDiisisliiig of 4 colls coiincoioil 
ill series 

9. 12 cells 

11. Aiiproximatply To per cenl greater 
13. lo cells, tiipp(‘[J at 2, 3, aiiil 11 cells 

16. fiG.fifihr 

17. 20 hr 

19. (a) 572 Sfj in 
(/>) 1!)0.G ami) Ill- 

Chapter IV 

1. 21S.125 ohms 
3. 2511 turns 

6. 0.214 olim 

7. (a) 10,000 olims 
ih) 25 ma 

(r) 37.5 volts, G2.5 volts, 25 volts, 
125 volts 
(f/) 0.!)375 watt 

I. 5025 vval Is 
0.025 watt 
3.125 watts 

(r.) 0.25 watts 
9. 500 ohms 
11. (ri) 175 volts 
(0) 75 volts 
13. 0.52 ohm 

16. 11,1)80 ohms 

17. (a) 15,000 ohms 
(0) 30,000 ohiii.s 

19. DIKM) ohms, 720 ohms, 1000 ohms, GOO 
ohms, Nj 210 ohms 
21. 0.0505 ohm 
23. (a) 0.0HK)2 ohm 
(M 0.(M)5rXJ5 fihm 

26. (Vij 8.33 ohms 
(6) 2.08 ohms 
(r) 1.2 amp 

27. (a) G.31 ohms 

II. 25 ohms 
L).47 ohms 

(6) 27.03 ohms 
(e) 8.88 amp 
{d) Group 1—56 volts 
Group 2 -100 volts 
Gruuj) 3 - 84 volts 
27. (r;) Group 1-5.6 amp 
1.87 amp 
1.4 amp 


Gi-i)ii|) 2 G-GG a 111 ) I 
2.22 amp 
Group 3 1.1 amp 

1.87 amp 
5.G amj) 

29. 7 111.1 = 3.SS amjt 
= 3.1)5 amp 

7;i.;, “ 1 81 ivinp 

/ , .4 = 1.3G a Ill] I 
/ 7.7 = 0.78 amp 
EAu = G volls 
Eur = 31 veils 

31. (rr) 55 ohms 

(/>) /, =-- 0.18IS amp 
/■. = 0.10!) um|) 

7,1 = 0.0727 amp 
(f) Eah ~ 1.55 volts 
Em: — 5,15 vi)lts 
Eiiit = 5.15 volts 

33. l}t(' = 0.15 ma 

I AH - 5.15 111 a 

36. Im' 0.45 ma 

7.1 a = 3.78 ma 

37. (a) Section I I7,S57 ohms 

Serlioii 2 10,OIK) ohms 

ScM’t ion 3 11,705 ohms 

Seel ion I I I .1 ohms 
Section 5 2(K1 oliiii.s 

(h) 11)5 watts 
(r) 2.7!) watts 

39. li AH = 20 ohiiiH 
Enn == 18.5 ohms 
I\if) “ 10G.5 olims 
Eau = 115 ohms 

40. Sect ion. 4 n 

I Vi ~ 2.07 amp 
Sr‘ctioii/<r 

7ifj — 1.13 amp 
Iiu — 0.!)0 amp 
7s[i = 0.18 a nip 
7j5 = 0.G3G amp 
Iai, = 0.G3G amp 
Secliorir/j (top) 

7j[k. = 0.77!) amp 
72[jn = 0.518 amp 
Ia\h\ = 0.25!) amp 
/bm =0.77!) arnp 

40. Seetiorirn (hoitom) 
hh — 1.102 amp 
Jif, = 1.102 amp 
7 ioq = 1.102 amp 
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Aon = 0.1 H4 tinip 
f 800 = 0.184 amp 
41. KyMi = 41.4 voltfl 
A’/ir; = 38.2 volts 
A’r/j = 220.4 volts 
46. Pah = 85.7 watts 
pHr == 7fl watts 
Prn = 45fi.3 watts 
Pr»ui = 621 watts 

Chapter V 

9. (a) 250 (lyiiRS 
(h) Attraction 
11. 3.16 cm 
13. 232.2 unit poles 

16. (a) 3!)(Mi ilyncs 
(/O 15,625 dynes 
(r) 62,500 dynes 

17. 13.10 oz 

19. 17.27 unit poles 

21 . 22,222 lines ])cr sipiare inch 

23. 0.5 in. 

26. 012 lines 

75 lines iier S(juai(‘ eeniinioter 
IS.75 lines jier square ceiilimeU5r 
1.60 lines per square centimeler 
75 dynes, 18.75 dynes, 4,60 dynes 

28. (n) 41KK) lines j)er square fciitimetcr 
(5) 12(K) 

(r) O.CXXK33 

29. 0.IK)166 
6(X) 

31. (rr) 1860 lines per square cenlinieter 
(M OCX) 

(f) 0.1X1111 

33. Vi) 0.1X1707 
[h) 11.(X1273 
(r1 0.0107 

(f/l 128.1 pilherts 

34. 4(18 turns 
36. 6 vM)lts 
39. in) 0.0165 

(M 104.7 aiiij)ere-lurns 
41. 0.IXXX1S33 
43. (fi1 Oil = 0.00202 
( 0 , = 0.00202 
lOj = 0.1X1182 
61* = 0.1X1171 
dU = 0.00182 

iJlj = 0.00202 


017 = 0.00202 
(Hs = 0.00171 
GiAai = 0.0708 
(ilAG2 = 0.0314 
01.4 r/n = 0.0708 
(^) 1345 amiiere-turns 

Chapter VI 

1. (ri) 13.80 ohms 
(5) 5.208 ohms 
3. (a) 15,000 ohms 
(5) 45U,1XK1 ohms 
6. (a) 2.5 ohms 
(5) 1.25 ohms 
Ic) 0.625 f)lim 
6. (ri) /t!„huiit = 2.78 ohms 
Par or =111 per rent 
(5) /Ahuut = 1.315 olims 
J ’-rror = 1.!)5 j)er cent 
(r) Pshnut = 0.611 ohm 
Imi oj = 2,5 per rent 
9. (fr) 50 per I'enl, 

(5) 33.3 pc‘r cent 
11. (fi) 40 volts 
(fO 21) pin* cent 
13. (a) 13,51X1,(XX) ohms 
(h) ] ,50(),(KX) ohms 
(c) 1,(XX),0(X) ohms 

16. (a) 7^1 = 50 volts 

li = I.!) 1175 amp 
Ei = 40.075 volls 
I« — 5.0(X)8 amy> 

(t>1 Neilher connerlion, the. error is 
iiepliKilde in either case. 

17. OIXX) ohms 

19. Hesistors for voltape measurements 
10-volt scale -0070 ohms 
50-volt scale—10,07(1 ohms 
llXI-volt scale—00,070 ohms 
250-voU scale—240,070 ohms 
500-volt scale ■ 400,070 ohms 
Shunts for current measurements 
1-mn scale -no shunt needed 
10-ma scale -3.33 (dims 
50-ma scale -4).612 ohm 
100-ina scale—0.303 ohm 
10(K)-ma scale—4).0300 ohm 
21. 0.0785 ohm 
23. 0.266 
26. 42 henries 
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Chapter VII 

1. 249.6 volts 
3. 6 tuiiis |>er coil 

6. 435,6(X) maxwclla 

7. (fi) 60 cycles 
(5) 40 cycles 
(c) 25 cycles 

9. (ri) 40 poles 
(//) 20 poles 
11. (a) 25 cycles 

(b) 60 cycles 

(c) 5(K) cycles 
13. (fi) 13.365 amp 

(?>) —9.33 amp 
(c) —15 amp 
[(I) —14.055 amp 
(c) —3.885 amp 

16. 36.4 volts 

17. 159.25 volts 

19. 127.4 volts 
23. 141.4 volts 

26. 409.4 volts 

27. (a) 200 volts 
(^) 127.4 volts 
(fO 141.4 volts 

29. 120 volts, 1'03.92 volts 
31. 655 turns 
33. 96 turns 

36. 955 ma 

37. (a) 200 amp 
(f.») 22 kvd 

(c) 220 lamps 
39. 80.3 per cent 
41. 51.28 watts 
43. 65.6 watts 
46. 71.4 per cent 

Chapter VIII 

1. 40 volts 
3. 9.3 volts 

6. 260 turns 

7. 0.9 henry 
9. 3.6 henries 

11. 39.32 mh 
13. 4.923 mh 

16. 12.75 mh 

17. (a) 11,304 ohms 
(6) 22,608 ohms 

19. (a) 863.5 ohms 
(6) 1570 ohms 


(c) 2355 ohms 
(fi) 11,775 ohms 

22. (a) 580.9 ohms 

(5) 1161.8 ohms 
(c) 1742.7 ohms 

23. (fi) 3768 ohms 
(I)) 3797.S ohms 
(r) 28.9 Jiia 

26. 79.1 ma 

27. 0.12 SRC 

29. (a) 11,304 ohms 

(6) 11,306.7 ohms 
(c) 88.5" 

(fi) 26.5 ma 

30. 8.87 mh 
33. 0.0817 

36. 9 volts 

37. 77.08 /ill 

39. (fi) 0.304 henry 
(5) 22.96 
41. 106 mh 

43. (a) 29.191 henries 
(//) 91.66 

Chapter IX 

1. 0.000123475 /if 
3. 69.595 /i/if 

6. 0.00563 in. 

7. 0.500 /if 
9. 6 plates 

10. 0.0160/if 

13. 29.93 ft 

16. 0.848 sfj in. 

17. 50.3 /i/if 

19. 49.82 /i/if 

20. (a) 331.7 ohms 
(5) 0.331 amp 

21. (a) 331.8 ohms 

(5) 0.331 amp 
(c) 0.0301 

(fi) 88.5“ 

(e) 1.095 watts 
24. (a) 212.3 ohms 

(6) 127.3 ohms 
(c) 109.0 ohms 
(fi) 2.65 ohms 
(e) 1.59 ohms 
If) 0.736 ohm 

26. (a) 2.35 ina 
(6) 7.85 ma 
(c) 22.7 ma 
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{d) 377 ma 
(e) 1.35 amp 

29. 0.533 Mf 

30. (a) 50.2 ma 
(h) 16.67 vdIUSj 33.33 volts, 

66.67 volts, 133.33 volts 

15 Mf 

(ri) 110 volts (Baoh) 

{h) 0.3315 amp 
0.165S amp 
0.082!) amp 
0.0114 amp 
(r) 0.6217 amp 

36 . 20 txl 

37. 5 /if 
39. 2.5 /if 
41. 6.67 /if 

43. (a) 6.65/if 
(5) 0.0825 
(r) 85“ 

46. 3.76 mil 

Chapter X 

1. (fi) 271)2 ohms 
ib) 6!H),800.1 ohms 
3. 28.77 ohms 

6. (fi) 3.58 mil 
(^) 11.4 /la 

7. (fi) 5667 ohiiw 
(/j) 31.875 volts 

9. 1.!)!) amp 
11. (ri) 242.2 ohms 
(/i) 0.330 amp 

(i:) 3.3 volts, 11.2 volts, 91 volts 
13. (o) 1)7,626 ohms 

(5) l.H-1 ma 

(c) I'l = 2.92 voKs 
V '-2 = 1.44 volts 
V";i = 165.6 volts 
V '4 = 18.4 volts 
16. Check—111.8 ohms 

19. (a) I = 39.8 ma 

P = zero 
r.l = 4.776 v-a 
P-F = zero 
e = 90“ (lag) 

(6) Vector iliagram 

20. (fi) I = 39.6 ma 

I* = 0.4547 watt 
VA = 4.752 v-a 


P-F = 0.0957 

6 = 84,5° (lag) 

(b) Vector diagram 

21. (a) I = 3.3!) amp 
P = zero 
VA = 1017 V a 
P-F = zero 
0 = 00° (leading) 

(b) Vector diagram 
23. No 

26. (a) Xr = 3184 ohms 

= 6280 ohms 
Z = 5SS0 ohms 

7 = 42.5 ma 

P = 9.03 watts 
A-P = 10.625 v-a 
P-F = 0.S50 
B = 32° (lagging) 

(b) Er = 212.5 volts 
A’r; = 135.3 vrdtwS 
El = 266.9 volts 

(c) Vector diagram 

27. (fi) / = KXK) ohms 

R = 22.2 ohms 
A-P = 22.5 v-a 
P-F = 0.0222 
B = 88.5° (leading) 
Xr = 999.7 ohms 
C = 2.65 /xf 

(b) Vector diagram 
29. (a) 7, = 250 /xa 

1 2 = 199 /xa 
Is = 125 /xa 
Ia = 398 /xa 
Ainp = "05 /xa 

(c) Zcct = 35^1,609 ohms 
(f7) 7^j = 0.0ti25 watt 

Pa — zero 

Pi = 0.03125 watt 

Pt = zero 

(e) Pvct = 0.09375 watt 
(/) = 0.17625 v-a 

(.7) P-Vnn. = 0.531 
(^) ^linr = 58° (lagging) 
(?) Vector diagram 

31. (a) 7i = 5 ma 

72 = 104.16 ma 
li = 39.06 ma 
7| = 7.81 ma 
li = 52.08 ma 
7 b « 10 ma 
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^JinD = 110.3 ma 
(c) Z„t = 22G6 ohms 
{d) Pi = 1.25 Avatts 
p 2 = zero 
Pj = zero 
Pi = zero 
Pb = zero 
P^ = 2.5 wails 
(fO Pki = 2.75 walls 
(/) F.4 dci = 27.575 v-a 
io) = 0.130 

ih) »iinB = S2° (leruiiiiK) 

(0 VeL'.i[)r diaurmu 
33. (a) Ii = 1.31 amp 

Pi = 51.4.S watts 
F-Fi = 0.3!I4 

91 = 07“ (laKKiiig) 

1 2 = 1 a mil 
P’i = IIX) walls 
p_F, = 1.00 

92 = 0° 

la = 1.26 amp 
Pa = 39.7 watts 
r-Fa = 0.310 
Sa = 71.5“ (leading) 

Aim = 1 -014 amp 
Phnn = 191.18 walls 
A-r,i„, = 191.4 v-a 
P-Fn.., = 0.99S8 
Oi.Bc = 3“ (lagging) 

(r) Vector diagram 

36. (o) /|,„g = 0.670 amp 

Piino = 07.577 watt.s 
A-FiiDD = 07.0 v-a 
= 0.9996 

(lagging) 

(5) Ehi = 18.05 volts 
Iri = 0.622 amp 
Exj, = 18.05 volts 
Ixl = 0.200 amp 
Er^ = 07.6 volts 
/«2 = 0.676 amp 
Er^ = 16 volts 
Ih^ = 0.64 amp 
Exc = 16 volts 
Ixc = 0,213 amp 
(c) Vector diagram 

37. (a) 53,078 ohms 
(fc>) 212 ohms 

(c) approximately 10 per cent 
through C 


ajiproximatcly 90 j>er cent 
through A’l) 

(f/) approxiiiialfdy 95 per eeni 
through C 

upiiroxiinately 5 per cent 
through Ro 

39. (a) 159,235 ohms, 212 ohms 
(5) 370.S olims 
282,6(X) ohms 
(c) high pass 

Chapter XI 

6. (ff) 80 ohms ((‘iiiiacitive) 

(?>) 4() ohms (i*:i,])acitive) 

(r) 7 ohms (capacilive) 

{d) 33 ohms (inilnclivoO 
(c) 73 olims (inductive) 

7. (o) 320 /i/if 
(5) 35.5 aal’ 

9. 489 to 17t)7 ke 
11. (a) 02.5 Aih 

(b) 4498 kc 

(c) ti3G0 kc 

(d) IJtKK) kc 
13. («) 15.80 

(5) 1.90 me 
(c) 3.30 me 
(r/) 3.77 me 

16. 209.0 

17. (a) 990 fih 
(b) 292 

20. (a) 5tX)0 cytdes 

(b) 5039 cycles 

21. (a) 25 

(5) El, = 250 volts 
Ec = 250 volts 
En = 10 volts 
23. (a) 405 kc 

(5) 3,837,405 ohms 

26. (ri) 199 nh 
{b) 1083 

(c) 1.2 ke 

27. (a) 89,443 olims 

171,371 ohms 

(6) 95,785 ohms 
70,719 ohms 

NoTt: Valuew rjf X[, ami were □btainod 
from Tabic XI-IV by intcrjKilaticjn. 

Chapter XII 

1. (a) 2.500.01 ohms 
(fej 2500.15 ohms 
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3. (a) 2998 ohms 
({>) 3223 ohms 

6. (a) 8635 ohms 
(6) 22,765 ohms 

7. (a) 337.3 ohms 

(b) 176.5 ohms 

9. (ri) 4000-cyclc audio frequency 

(b) 375 

(c) 4000-cycle audio frequency 
11. (a) 6625 ohms 

(b) 331.25 ohms 

(c) 1507.2 ohms 

(d) 30,144 ohms 
13. 0.163 

16. 2.76 fih 
17 . 9880 cycles 
19. (o) 0.018 
(b) 0.0167 
21. 0.0173 
23. 1250 kc 


26. 58.5 mmI 

27. 5..346 mh 

30. (a) 0.0375 

(b) 261.7 to 271.7 kc 

[c) 59.2 

31. (a) 0.025 sec 

(b) 0.04 SBC (^- - 1.60) 
33. (o) 2 megohms 

(b) 1.33 megohms 

(c) 0.2/if 

36. (rz) 0.005 sec {k - 0.2) 

0.0125 sec {k - 0.5) 
0.04 sec [k — 1.6) 

(b) 500 fiSL 

(c) UXl/iii 
(r/) 500 /la 
(c) 92 volts 

(/) 0.0175 sec {k - 0.7) 

37. 0.047 SBC 
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A 

A hatUiry, 98-f)0 
Abbreviations, 75-76, 487-489 
Absi-issii, 898-397 
Absorption loss, 825 
A ft ion, loriil, 92-98 
Actual power, 869-370 
A(1 j us t.ab 1 e capaci (or, 820 
Adjustable magnetic core iiuluptnr, 290 
Aerial, 9 

Air cell A battery, 102-108 
Air core coil, 274, 289-292 
Air gap, of capacitor, 817 
of generator, 258 
Alloys for magiicLs, 176 
Alnieo, 176-177 

Alternating current, 68, 285, 241 
average value of, 248-245 
effective value of, 21,5-249 
instantaneous value of, 242-248, 245 
maximum value of, 243, 245 
power in, 369-371 
root-mean-square value of, 247-248 
Alternating-current bridge, 229-280 
Alternating-current circuits, cluiracter- 
i8Lies of, 857-358 
parallel, 375-378 
parallel-series, 378-381 
series, 360-375 
series-parallel, 381-384 
Alternating-current generator, 239-241, 
253-254 

Alternating-current meters, 199-202,205- 
209 

{See also Meters) 

Alternating-current power 83 ^stem 8 , 235 
Alternating-current resistance, 295 
Alternating-current vectors, 365-384 
Alternating-current voltage, 242-245 
Alternating-current wave, 17, 243 
Alternation, 17, 241 


Alternator, 235 
Alexafidersun, 11 
construction of, 251-254 
frequency of, 241 
< bddscliTViidt, 11 
jirinciple of, 238-241 
Amulgainalion, 93 
American Wire Gauge, 121 
A in 111 e I er, al tern a ling- e u r r en 1., 200-202, 
205-209 

connecting of, in circuit, 209-210 
1)’Arsonval, 202 
direct■ currcut, 2tK)-207 
dynamorneler type, 200-207 
hot-wire type, 200 
increasing range of, 21.5-218 
iron-vane type, 205-206 
p er man e n I -m agn e L i c in o v i n g - c o i I t >q) e, 
202-205 

precautions in using, 209-210 
reailiiig of, 215 
r e c, i i li e r - iy p e, 207-209 
th e rm o v ou p 1 e iy p e, 2tK)-201 
Ammeter scales, 214-215 
Ammeter shunts, 21.5-218 
Ampere, alternating-current, 245-249 
dcliiiiiion of, 69 
international, 09 
microampere, 74 
milliampere, 74 
Ampere-hour, UM) 

Ampcre-turiis, 191 
Amplifier, audio, 35 
iiitermediaie-frequency, 39 
overcoupleil, 458-461 
jiicture-signal, 37, 39 
radio-frequency, 35 
modulated, 37 
speech, 35 

stagger-tuned, 458-461 
video, 37, 39 
wide-band, 458-460 
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Charging, of capacitor, by induction, 
52-5;i 

of Htorage batteries, methods of, 111- 
113 

principles of, 103-106 
Chemical action, in primary cells, DO, 
D3-94 

in secondary cells, 103-106 
Choke coils, audio-frequency, 287-28D 
distributed capacitance of, 420-421 
filter, 287 
output, 288-28D 
power supply, 287 
radio-frequency, 289-292 
resonant frequency of, 420-421 
Circuit Q (,scc Q) 

Circuits, alternating-current, 357-384 
(See also Alternating-current cir¬ 
cuits) 
closed, 118 

coinlunation (see Combination cir¬ 
cuits) 

coupled, 443-460 

(iSet; nho Coupled circuits) 
definition of, 118 
delayed action, 460-471 
direct-current, 129-115, 149-154 
(*5ec also Direct-current circuits) 
elements of, 427-428 
efpiivalcnt, 428—130 
essential parts of, 118 
filter, 431-443 

(iScc Filter circuits) 

magnetic, 186-192 
parallel (scf I’arallel circuits) 
parallel-series (see Parallel-series cir¬ 
cuits) 

resonant, 398-421 

(iSpe Resonant circuits) 

series (see Series circuits) 
series-parallel (sec Series-parallel cir¬ 
cuits) 
tuned,402 

voltage divider, 149-154 
Circular mil area, 120 
Circular mil foot, 120 
Closed circuit, 118 
Cobalt, 176 
Code, Morse, 4, 8 


Coefficient, of coupling, calculation of, 
282-283 

effect of, on response curves, 446-447 
on width of band pass, 452-460 
temperature, IID 
table of, 4!)7 

Coils, adjustable magnetic core, 290 
aiding, 285-286 
air-corn, 274, 289-292 
bank,291 
binocular, 291 
choke (see Choke coils) 
distributed cajiacitaiice of, eiTect of, 
427-430 

principles of, 329-331 
equivalent circuit of, 428-430 
figure-of-eight, 291 
high-frequency inductance, 289-292 
honeyeomb, 291 
impedance of , 287-290 
inductance of, calculation of, 271-274 
higli-frequency, 289-292, 299-301 
1 0 w - f r (! u e 11 c y, 287-289 
mutual, 280-287 
in parallel, 284-285 
in series, 284-286 
iron-core, 287-289, 290 
lattiee, 291 

low-frequency inductance, 287-289 
multilayer, 273 

noniiiductively wound, 298-29!) 
opposing, 285-286 
pancake, 273 

primary winding of, 256-257 
Q (see 0) 

resistance of, alternating-current, 293- 
295 

direct-current, 293 
effect of, 276-277 
secondary winding of, 256-257 
shapes and types of, 271-274 
shielding of, 292-293 
solenoid, 271-274 
spider-web, 291 
universal-wound, 291 
use of, 2t>9-301 
variable inductance, 284-286 
Collector rings, 239 
Color, of light, 29-30 
phenomenon of, 30 
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Color (^olIr, fiULlio-froqucnry IrunsforniLT, 
505 

int RrmecliMte-frcqupiipy Iraiisformpr, 
505 

for mica capacitors, 502-5011 
power transformer, 504 
for resistors, 500-501 
Coml)iiiatioii eircuits, altenialijiK-eiir- 
renl, 378-1184 
ilefinitinns of, 378, 381 
liarallel-series, 378-381 
series-parallel, 381-384 
ilireet-ciirrent, 137-145 
a [Ivan ceil, 142-145 
ailvanlMfz;es of, 141 
definition of, 137 

[)ar all cl -scri es, 130-141 
scries-j)arallel, 138-130 
solution of, 138-145 
uses of, 142 

(a)inliination ineler, 225-220 
Common impedance, 443-441 
Communication, audit eny, 3-8 
radio, history of, 8-11 
lelevisirjii, history of, 13-17 
visual, 1-2 
Commulator, 219 
Commutator ripple, 251 
Comj)a8s, dipping lUMMlle, 182 
early use of, 162 
mapnetic, 180-181 
Cvomjdex eurrenls, 65 
Ca)mj)ourids, chemical, 46-48 
Condenser, 306 

{See alfio Capaci1[)r) 

C o n d u c t an c e, 122-123 
Conductor, eioss-seelional area of. 118 
definition of, 70 

factors fletcrmininp idioice of material 
of, 122-123 

resistance of, 118-121 
Continuous current, 62-63 
Chopper oxide rectifier hattcry charper, 
113 

Copper oxide rectifier meters, 207-209 

Cojjper wire gauge, 122 

Cosine, 506 

Cosine taVde, 507-508 

Coulomb, 69 

Coulomb’s law, 57 

Counter voltage, 449 


Coupled circuits, aiiidysis of, 447-15,4 
bandq)aas, 45;i-460 
characteristics of, 447-460 
coefficient of eoupling, calc'-ilalioi‘ of, 
282-28;? 

effect of, lui rcspons(* cui vt's, 446—147 
on v\ ill; h ( f hand pass, 4/)2-'160 
iM)mj)lcx 4 15- 446 
direct, 444 445 
impcilaiice, 289 
indirecl. 445 

imlactive, 441.445 

jn.ipiu'tic. 445 
n ui 111 a 1 - i I n 1 iJ e t i V e, 4 45^-4 60 
])rinci]d[‘s of, 443 444 
ros])on.se eurvt's of, 453-460 
Him])li‘, 4 14-445 

traiisforincr, 415.100 

tuned primary and lunetl secon[lar> , 
453 

untuned primary anil tlined secondary, 
4,53 

untiiiied primary and unluncd scrond- 
firy, 452-153 

Coujileil iinpcilaiici*, 117 *152 
Cmijilinp, cofdlicient of, caJciilation of, 
282 28:? 

c/TecI of, f)n n‘S|)onKC curve,s, 116-147 
on width of l)and pass, 452-460 
complex, J15-4 10 
erilical, 416 
direct, 444-145 
iiniHMlanci', 289 
indirect, 445 
indurlivc, 444 
loose, 446 
mapnetie, 445 
met boils of, 443-145 
millual-inrluctive, 41,5-460 
opMmuin, 446 
jirincijdcs of, 44:1-444 
simple, 414-445 
tiphi, 446 

transformiT, 445-460 
Couplinp tdement, 444 
Current, allernatinp, 63 

average value of. 24,3 245 
effective value of, 245-249 
instant an eouB value of, 242-243, 244 
maximum value of, 243, 245 
chemical effects of, 62 
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Current, alternating, eninpJex, 65 
eDiitinuDUH, 62-Gli 
ilireel, 6Ii 
elTeeLfl of, 61-02 

eleetrie, inethoiJ of producing, chemi¬ 
cal, 56 

inagnetie, 60-01 
thermal, 5!)-60 
How of, 1!), 58-6!) 

(lirertion of, 58-56. MI-62 
hydrMiilic iinalogy of, 06, t)8 
initial linkage, .'Ml-812 
iril errn|)t eil, 61-05 
kiiirls of, 02 05 

lagging, in alternating-current cir- 
euilH, il56 

of iinhielor, 275-277 
vi'ctor represrMi t at ion, '107-006 
hauling, in alterfiating-curient cir¬ 
cuit.s, OOO 

of ea,i)aeilor, 020 -;i22 
veelfjc r(‘preHen(alion, '107-006 
luagnelie (dTect.s of, 02 
iru'a.Miireinenl of, 206-210 
inel lioils of iirodueing, 5!)-01 
(isi'illal ory, 0.0-01 
in phase, 057-05S 
piiIsa ling, 00 
llu'i'inal I'lTei'ls of, 01-02 
iiiiil.s of, 71 

electron How, 0!) 
practical, 70 

Curves, tiiialysis of. 067- 068 
|)eriui*ahilily, ISII 
\)lol ling of, 060 il68 
re.Honance, paralhd, lll -ilo 
series, 401-100 
respiinse, 150—100 

universal time-constaiil , 46.0, 466-470 
Cycle. 17, 241 

D 

D'Arsnnval instruments, 202 
Declination, angle of, 1SI-1S2 
Delayed action circuit.s, 460—171 
R C circuits, -Itka- ltVS 
R L circuits, 400—105 
universal time-constant curves for, 
466-470 

uses of, ‘170—171 


Demodulator, 00, 05 
Density of field, 172-170 
Dependent variable, 063-365 
Depolarizer, air-cell, 102 
dry-cell, 62-60 
purpose of , 62 
Detector, 00, 05, 06 
Deviation, angle of, 182 
Diamagnetic materials, 176 
Dielectric ahsoriition loss, 325 
Dielectric break flown vfiltage, 120 
Dielectric constant, 010 
tahh‘ of, ‘lO!) 

Dielectric, elTecl of, on cfipacit aiice, 

010 

forming voltage of, 0.00 
self-healing cliaracteri.slic of, OOO-.OO-I 
u.se of, in eapacitf)!', 006 
Dieleclrie hv.sH‘resi.s Itjs.s, 025 
Dielectric losses, 025 

Dielectric strength, of eajKicitor dielec- 
t rics, 020 027 

of insul.aling materials, 124-125 
tal)Je of, -166 
unit of, 124 
Dip. iiiigh* f>f. 182 
Di])j)ing-neeiile cr)iiipu.ss, 1S2 
Direct current, 00 
uses of, 251 

Direct-eurrent circuit.s, advanced, 112- 
145 

combinat ion, 107-115 
parallel, 100-107 
p a 1 ’ a 11 e I - s i- i (?s, 106-141 
series, 100-100 
series i).arallpl. J08-106 
simple, 12t) 100 

Direct-ciiiTfuit generator, 240-251, 254 
Direct-eurrent meters, 200-207 
(iSre aho Meters) 

Direct-current j)Ower systems. 204-2.0.5 
Direct-current voltage divider, 146-1.54 
Discharge of capacitor, 308, 408 
Distriljuted capacitance, of choke coil, 
420-421 

effect of. 427-400 
methods of reducing, 001 
principle of. 020-.'i01 
Distributed inductance. 427-430 
Distributed resi.staiice. 427-430 
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Dr3^ Dell, action of, 93-94 
capacity of, 94-95 
■ care of, 93, 96 
construction of, 93 
rati Ilf; of, 94-95 
shelf life of, 96 
sizes of, 94-96 

Dry electrolytic cnjiacitor, 335-313 
also JCleclrol^ tie capMcitor) 
Dynamic electricity, 45, 58-59 
Dy 11 amometer -1f) e met e rs, 296-207 
Dyne, 56, 167-168 

E 

Jhir, 22 -23 

hhirlli, Kcof^rapliic poles of, 179-180 
maf;netic charai-terislics of, 179-180 
mapiu'lic fiehl of, 179-180 
magnetic ])oles of, 179-182 
I’jfho, 26 

Eiltly currents, 295 
10(1 is on effect, 11-12 
E/Iicienc\^, of (general or, 261-202 
of transformer, 261-262 
Electric current (.see Current) 

I'lleclric.al cle^novs, 241 
]i3eelrieal instrumi'nts, classilicalion of, 
198 

Electricity, dynamic, 45, 58-5!) 
fuiulamental units of, 67-70 
nature of, 45 

need for knowledge of, 40 
static, 45 

(*8ee also Static electricity) 
Electrode, 88-89 
Electrolysis, 62 

Electrolyte, chemical action of, in hal- 
iMTy, 90, 103-106 
definition of, 89 

use of, in capacitors, 331, 335-337 
in storage battery, 108-109 
J'ilectrolytic capacitor, 331-343 
action of, 331-332 

comparison of wet and dry, 3^39-340 
construction of, 334-339 
containers for, 339 
current characteristics of, 341-342 
dielectric used in, .'i32-333 
dry, :335-339 

electrical characteristics of, 339-343 


Electrolytic cMipacitor, elecLrolvIe used 
in, 331,335-337 

eipiivalenl seritvs resistjinee of, 342 
faelors alTecting capacitanet* of, 332 
forming of, 331-333 
impedance cluiraeterislics of, 342-343 
nonpolarized ly|)i‘, 341K441 
polarized type, 340 
jiower fuel or of, 342 
prineijdi's of, 331 

t emjieralure rharaclerisl ics of, 342-343 
ii.ses of, 317-349 
voilagi' rail Jig of, 341 
v.cl, 331 335 

Eleeln)jnagni*lie field, principles of, 182- 
186 

Eleelromagnetie induetion, delinition of, 
60 

principles of, 235 238 
.I'deelroinagiielie iiuders, 202-207 
I'ileel ruimigmdism, 182 192 
I'deetromol ive force, didini I ion nf, 70 
induced, 235 2148, 283 
ICIeidrojj, free, 49, 70 

orbital, 18.19 

|)bine1ar> , 48 19 
I'vleetron ))i‘am, 37 
lOleelron How, 1!), 58, 69, 91 
direction of , 58 59, 91 
Eleciron llie.ory, of capaeitor action, 
306-309 

of mat I er, It)-19 

lOlecI rostal ie charge, shielding of, 51-55 
unit of, 57 

I’declrostatie field, priri(!iples of, 55-58 
J'deetroslalie lines of force, 55-56 
lOlertroslalie meters, 198-2(K) 

J^Ieefrostalic volfineter, 199-200 
1^1 e c I ros I at ics, 4 5-4 6 
Electrrjtlnrrmal meters, 200-202 
I'dements, ehemical, 46 
ICnergy, 73-74 

EfpialioiiH, summary of, 490-496 
Efpjivalent reactance, 381 
Eriuivalcnt resistance, in alternating- 
current circuits, 381 
of cajjacitor, 342 

Expoiients, use of, in calculations, 150- 
151 

Eye, 28, 32 
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F 

Farad, 309-310 
Ftture plate, 107 
I'erromaKiiRlic materials, 176 
I'ield, ilcnsily of, l(j‘)~l73 

el ferric, and radii) waves, 17, 35 
rdffLrnmaKMCtin, alirjrif crjil, J85-1S6 
print‘i|ilfH of, 182-187 
arnunrl wirn, 182-185 
tdffdTOHtiitic, priiitdjjlfs of, 55-.58 
inaKiifl,if, Ifill- 17:i 

anrl rarlio waves, 17, 35 
I'5fld l oil, 252 
Fill to- idiokf, 287, 202 
I'd Iter firraiil s, 131-4 13 
Fillers, aetiori rjf, 431-433 
i)and-i)a.sH, 43fF437 
Ijaiui-Hln]), 437 
luKli-pasH, 435-430 
low-|)ivHa, 434-435 
•m-ilfrivRil, 442 
imi 11 i 8 1 ' e 1 i o 11 , 4:iS-441 
7r-lyi)f, 440-441 
r fH i H1 1 j r - f aj) a c i 1 o r, 442-44 3 
T-lyiif, 130-440 
lypciH of, 434-443 

Fixi'il eapaeilor, falinilation of, 310-315 
(U’raiiiir', 315 
fd(M'l roly lie, .331-343 

{See fi/.s‘() Idfclrolytic capacitor) 
mica, 312-313 

color code for, 502-503 
t)il, 315 

paper, 313-315 
I'dxfd ifsislor, 120-127 
FU'miiiK valvf, 12 
Flt'iniiip's riKht-liaiid rulr^, 236-2.37 
Flux dcnsily, 172-173 

Force, of altraclion and repulsion, elfc- 
troslatic, 50-58 
miigiif tic, 107-168 
f 1 V c t ros t a1ic, 55-50 
majcnrlic linos of, 100-171 
FormiMl plate, of haltery, 105 
of capacitor, ;i.31-33i) 

Free elec Irons, 40, 70 
Frequency, audio-, 24-25 
heat, 27 

calculation of. 18-20. 241 
dcOnition of, 18 


Frequency, radio-, 18-21 
ranges of, 21 

of light waves, 20-30 
of power systems, 242 
of radio receivers, 25 
of radio systems, 242 
of sound waves, 24-25 
Frequency modulation, 13 
Frequency spectrum, 21 
Frictional electricily, 41F54 

G 

Galvanic cell, 87 
Galvanoincler, 108, 221 
Gang capacitor, 310 
Gauss, 175 

Generation of voltage, chemical, 50, 80- 
01 

magnetic, 60-61,235-238 
thermal, 50-60 

G en e ra tor, al t e in at i n g- cu r r en 1, 230-241 
construe (ion of, 251-254 
j)ower syslem, 235 
principle of, 230 241 
direct-current, construction of, 254 
jiower .system, 231-235 
principle of, 240-251 
efficiency of, 261-202 
simple. 238-230 
Gilbert, 100-101 
Graph ])ai)er, 30.3 
Graphs, inierpret/itioii of, 307-398 
plotting of, 303-308 
simple, 303 
use of, 303, 307-308 
Grid, 12 

H 

Heating eflccls, of current, 61-62 
Heliograph, 2, 5 
Henry, 271 
Heusler’s alloy, 176 
High-frequency choke. 280-202 
resonant frequency of, 420-421 
High-frequency resistance, 294-295 
High-pass filter, 435-436 
Honeycomb coils, 2t)l 
Horsepower, 72 
Horseshoe magnet, 177-178 
Hot-wire meters, 200 
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Hydraulic analogy of current flow, 66, 68 
Ih'dromoter, 110-112 
Hypotenuse, 506 

I 

Iconoscope, 38 

Illumination, inteiisily of, 29 
Image impcdiinre, 441 
Impedance, calculation of, 314-347 

in aUenialing curriml circuits, 360- 
362 

in capacitor, 323-325 
ill inductance coil, 276-277 
charactcristic, 441—142 
c oinni on, 443-444 
image, 441 
iterative, 441 
load, 441 

in parallel resonant circuit, 409-114 
in series resonant circuit, 402-406 
source, 441 
in triangle, 361 

lmi>p.dance-couplcil circuit, 280 
Inilependent varialile, 393-394 
Induced voltage, of gtmerator, 238 
f}f mutual iiuluctanci*, 283 
principles of, 237-239 
of self-influctance, 268-269 
Inductance, 267-301 

calculation of, of air-core coils, 273-274 
impedance method, 296-298 
mutual, 28t)-286 
self-, 271-274 
solenoid, 271-274 
measurement of, 229-230, 295-298 
alternating eurrent bridge method, 

229-2:10 

eomparison method, 295-296 
impedance method, 296-298 
mutual, 280-286 

calculation of, 280-286 
circuit reactions, 280-284 
self, 271-274 
calculation of, 271-274 
circuit reactions with, 268-271 
unit, of mutual, 280-281 
of self, 271 

Inductance coils, 287-292 
Induction, magnetic, 174-175 
Inductive coupled circuits, 444-445 
(5ce also Coupled circuits) 


Inductive reactance, in alternatiiig- 
currcnl iMreuits, 359 
of coil, 274 275 
vector analysis of. 367-369 
Inductors (.scf- Coils) 

Initial Icakagi' current, 341 342 
Instaiitiiupous value tif allcrnating cur¬ 
rent, 212-243. 245 
Inst rumen Is, 198-230 
(iSVc fW.sa Meters) 

Insulators, breakiiown voltage of, 123 
elassiliealinn of, 125 
liefliiitioTi of, 123 
diidertric strenglli of, 124 
iisf‘s of, 125 

Inlerni'Mliali‘ freiiiieney amplifier, 39 
Internal ional siaiulanl iiiiils, 67-69 
lMterrui)ti‘fl rurrtail, 61-65 
Ion, 90 

Iniiiziilion, 90 
Iron-vane ineti^rs, 205^-206 
Isfigonie lines, 181 
Iterative imj)[Ml!ince, 441 

K 

Kilo, 18, 74 
Kilocycle, 18 
Kilovolt, 74 
Kilowjil t, 74 
Kilowjitt lif)ur, 74 
Kinescope, 16 

L 

I.ag, angle of, 279-280 
Lagging current, caused by inductance, 
276-280 

of perfect inductor, 359 
vector representation of, 367-368 
Layer-Ililt battery, IfX) 

LC checker, 407 
LC product, 406-407 
LC ratio, 407-408, 4.58 
I^ad, angle of, 322, .324 
Lead-acid storage battery, 103-111 
Leading current, of perfect capacitor, 
322, 360 

of practical capacitor, 324 
vector representation of, 367-368 
Leakage loss, in capacitor, 325 
Left-hand rule, for a coil, 185-186 
for a wire, 184-185 , 268 
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LnriHfjH, applications of, 31-32 
concavR, 31 
convex, 31 
d(‘fiiiitiun of, 31 
I^ruz’h law, 270 

J.fltnr symbols, 75-76, 487-480 
KiKbL, 27- 32 
liriKlitnoss of, 20 
cbaracteristirH of, 28-20 
r;ob)r of, 21>-30 
iiifi jiretl, 30 

intensity of illumination nf, 20 

propagalion of, 30 

relliM't ion of, 31 

r(!fia(;(ion of, 31 

spiM'il of, 20 

llnnn v tif, r nrpusciilar, 28 
[[iianl nin, 28 
I raiiHinission of, 28-20 
lilt raviolet, 30 
list* nf in television, 27 
lii^lil waves, frrqueiiry of, 20-30 
wavelen^tli of, 20-30 
biKbtiiin^, 54 

Iniiif; rods, 54-55 

bines nf force, electrostatic, 55-56 
inaKnetir, 170-171 
Litz wire, 205 
bocal action, 02-03 
bodestone, 16;i-164, 180 
boiidspeiiker, 35 
bow-jiass filler, 434-435 

INI 

Mapnel, actions of. 166-167 
art ill rial, 163-161 
Ml I I'McM 011 of, 167-168 
b:ir, 177 

Held Mbout, 160-170 
linrseshoe. 177-178 
lamina led, 178 

law of att raction and repulsion, 167-168 

natural, 10^5 

permanent, 164 

permeability of, 176 

poles of, 165 

retentivity of, 176 

ring, 178-170 

sireiiglli of, 171 

temporary, 165 

uses of, 165 


Mag net in c al e u 1 a ti ons, 186-102 
Magnetic circuils, 186-102 
Magnetic compass, 180-181 
dipping needle, 182 
early use of, 162 
Magnetic declination, 181-182 
Magnetic deviation, 181-182 
Magnetic dip, 182 
Magnetic ficlil, 160-173 
about a coil, 18.5-180 
aiiout a wire, 182-185 
intensity of, 171 
railio waves, 17, 35 
Magnetic flux [len.si1^ , 172-173 
Magnetic force of attratition and re- 
pid.sion, 167-168 
Mogni'Hi' iruliiclion, 171-175 
Magnetic lines, 160-170 
of force, 170-171 
of iiidiictioM, 160-170 
Magnetic materials, classification of, 
17.5 “177 

definition nf, 163 
Magnetic jiolc strength, 167-168 
Magnetic poles, uf earth, 170-182 
of magnet, 165 

Magnetic reluctance, ealeulation of, 188- 
102 

definition of, 175 
Magnetic repulsirm, 167-168 
Magnetic screen, 178-170 
Magnetic shinhling, 170, 202-2t)3 
Magnetic units, 175-176, 188 
Magnetii- variation, 182 
Magnetism, 162-102 

electro m a g n c I i sm, 182-102 
molecular Iheory of, 166 
Ohm’s law for, 188, 100 
residual, 176 
theory of, 166-167 
Magnetite, 163 
Magnetomotive force, 100 
Matter, structure of, 40-48 
Maximum value, nf alternating current, 
243, 245 
Maxwell, 170 
Mega, 10 
Megacycle, 10 
Megohm, 74 

Meter scales, complex, 214-215 
expanded, 205 
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scales, irregular, 21-1 
Ingarithmic ilistrihiilioii, 204-205 
milllipin. 214-215 

proflunefl with coiiceiitric iiulc fares, 
202-204 

produceil with eccentric pole faces, 
204-205 

squaro-Iaw ilistributioii, 204-205 
uniform, 2011-205, 214 
Meiers, 198-2:i0 

alt ernal ing current, 100- 202, 205^ 200 

ammeters (sre AminelerH) 

c oII 1 1)i n a t i 011 , 225-220 

1 1 i r e i d - c u r r e n t, 200 207 

tl y n am o m e t er, 201) 207 

electroniagnetic, 202-207 

eleclrnstatie, 108-200 

electrothermal, 200 202 

linl-wire, 2(K) 

liow to read, 215-216 

iron-vane, 205-206 

uhmmeier, 222-225 

also Ohmmeter) 

pennanent-magnet type, 202-205 
reclilier lyyie, 207-200 
voltmeters (see Vol(meter) 

Mho, 122 

Micro capacit or, 1118 
Microainiiere, 74 
Microfarad, IIJO 
Microinicrofarad, II10 
Microphone, :1U, 115, 117 
Microvolt, 74 
Miilgel capacitor, 1118 
Mil, circular, 120 

circular mil-foot, 120 
square, 120 
Milliampere, 74 
Millivolt, 74 

Mini-Max battery, 100-101 
Modulated wave, 311, 35, 37, 30, 453 
Modulator, 32, 35 

Moleeular theory, of magnetism, 166 
Molecule, 47 
Morse code, 4, 8 
Motor-generator set, 113-114 
Moving-coil meters, 202-205 
Multiplier, voltmeter, 218-220 


Mutual iiiduetanee, ealeulation of, 2 lS0- 

2S2 

of series-connected inductors, 284-286 
unit of, 28(b2iSl 

N 

Natural magnets, 163 
Negative charge, of battery, 00-01 
of capacilor, 307 '300 
of static eliM‘1 ricity, 40 55 
Xeg.’ilive clei“lrodi‘, 00 
X’i'gativc ion, 00 
Negative plate. 103 107 
Nickel iron storage cell. 11)3 
Noniinliiclice capacilor, 3111 315 
Noninductivc b inding, 20S-200 
N Diimagnci ic sulistania*, JTli 
Nonpolarizeil capai itor, 310-311 
Nonsinusoidal waves, 241 
North magnetic pole, ISO 
Nucleus, 48 

0 

Oersleil, 171, J75 
Ohm, 70 

iiilernalional, 60 
niegrdim, 71 
Ohmmeter, 222 225 

parallel-resistor mid hod of coinjiensa- 
tiori, 225 

principJf^ of, 222 223 

series ri‘sislor method of com|K‘nsa- 
lion, 223 224 
Ohm’s law, 66 67, 70 
for allernatiiig-i'urreiit circuits, 361- 
362 

ffir fbreet-current cireuils, 120 
for magnidic circuits, 188, 100 
Oiitimuin eoujding, 464 
Orbital electrons, 48-49 
Ordinate, 303-307 
Origin, point of, 303, 307 
Oscillator, 35, 37 
Oscillatory current, 63-6^^! 

Ovorcoupled amplifier, 458-461 

P 

Padder, 320 
Pancake coil, 273 
Parallax, 215-210 
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Parallel circuits, advantages of, 136 
alternating-current, solution of, 375- 
378 

characteristics of, 135 
currents in, 133 
definition of, 133 

direct-current, resistance of, 134-135 
solution of, 136-137 
disadvantage of, 136 
energy of, 135 
magnetic, 11)2 
power of, 135 
resonant, 4t)t)-42l 

(*Sec ahi) Resonant circuits) 
uses of, 136 
voltages tjf, 134 

Parallel-series circuits, alternating-cur¬ 
rent, 378-381 
direct-curren t, 1311-141 
Paramagnelic material, 176 
Peak ripple voltage, 341 
Peak voltage, 341 
Period, 211-242 
Permalloy, 176 
Permanciii magnet, 164 
Permaiiont-magnet moving-coil meter, 
202-205 

Permoiibility, 176 
Permeability eiirve, 180 
Permeance, 175-176 
Persistence of vision, 32 
Phase angle, in alleniating-curreiit eir 
cuits, 371 

witli capacitance and resistance, 324 
with inductance and resistance, 270- 
2H0 

Phase relation, current and voltage, 357- 
358 

Picture-signal amplifier, 37, 30 
Picture tube, 30 
Planetary electrons, 48-49 
Plants battery plate, 107 
Point of origin, 393, 397 
Polarization, 92, 93 
Poles, of magnet, 165 
Positive charge, of batter^-, 90-91 
of capacitor, 307-309 
of static pledricity, 40-55 
Positive electrode, 00-91 
Positive ion, 90 


Positive plate, 103-107 
Potential, 58 
difference of, 58 
Pol entiometer, 146-149 
taper, 147-148 
uses of, 147 
Poulseii are, 11 
Power, actual, 369-370 
apparent, 36!) 

calculalion f)f, in alternating-current 
circuits, 360-371 

ill direel-current circuits, 72-73 
eb;ct rical, 71-7:i 
true, 360-370 
units of, 72 

Power apparatus, 234-202 

bScp iiho (ieiim alors; Transformers) 
Power factor, 370- 371 
Power siijiiilies, types of, 234-235 
Practical units used in eli*ctrieity, 70 
Primary cell, 80-06 
Primary impedance, 288 
Primary winiling, 256-257, 280 
Propagation, of light \^av(‘s, 30 
of sound waves, 22-23 
Protons, 48-54 
Pulsating curreni, 63 

Q 

Q, of coil, 290, 297 
definition of, 403 

effect of, on impedance of parallel 
resonant rireuit, 413-414 
on slope of resonance curves, 403-404 
on voltages of series resonant circuit, 
409 

on width of band pass in amplifier 
circuits, 455-458 

on width of resonance curves, 404- 
406 

effective, of coupled circuit, 455-T58 
R 

Radio batteries, 98-103 
(jSee also Battery) 

Radio circuit, development of, 12-13 
Radio communication, basic electrical 
principles of, 8-9 
early history of, 8-11 
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Radio-frequency amplifier, 35, 37 
Radio-frequentw choke, 289-29J, 202 
Radio-frequency transformer, 201-202 
Radio-receivinR operations, 32-37 
Radio-transmitting operations, 32-37 
Radio waves, 17-22 
speed of, 17 

Reactance, capacitive, of capacitor, 321- 
323 

elTeet of, in alternaling-current cir¬ 
cuit, 360 

vector analysis of, 367-368 
equivalent, 381 

iiuluelive, effect of, in alternating- 
current eircuil, 350 
of inductor, 274-275 
vector analysis of, 367-368 
Reci})rocal, 122 

Rectifier, cojjper oxide, battery charger, 
113 

meter, 207-200 
tungar, 112-113 

R['cLitier-ty])e ammeter, 207-2(W 
R e [: t i f i ('r-1 yj)e vol tineter, 207-209 
Reflection, of light, 31 
of sfiund, 26 
Refraction, of light, 31 
Reluctance, 175, 188-180 
Relucl ivily, 175 
Resiilual magnetism, 176 
Resislarice, 6tV-67 

of coil, alternating-current, 205 
ilirecI-current, 203 
effect of, 276-277 
direct-current, 125 

eciuivalenf, of alternating-current cir¬ 
cuit, 381 

of capacitor, 342 
high-frequency, 205 
mmisurement of, 220-22^1, 227 
by ohmmeter, 222-223 
voltmeter method of, 221-222 
voltmeter-iiminel er method of, 220 
by Wheatstone bridge, 226-229 
ohmic, 2tl5 
specific, 120-122 
table of, 407 

lemperature coefficient of, 110 
table of, 407 
units of, 60, 70 


Resistivity, 110-120 

Resistors, adjustable, 127-128, 145-140 
automatic resistance-control, 128 
carbon, 126-127 
classilicatioii of, 126-127 
color code for, 120, 5lK)-501 
equivalent circuit of, 428-130 
fixed, 126-127 
power rating of, 120 
taper of, 147-148 
tapped, 128, 151-154 
tfilerances of, 128 
uses of, 128, 147- 140 
variable, 127, 145-140 
voltage divider, 110-150 
wire wound, 126-128 

Resonance, definitinn of, 3!12 

frequency of, for jiarallel resonant 
circuit , 410 

for series resonant circuit, 308-4(KJ 
parallel, 400-414 
aeries, 308-408 

Resonance curves, for parallel circuit, 
400-414 

for series circuit, effect of capacitance 
on, 40()-408 

effect of iniluctance on, 406-408 
effect of resistance on, 402-403 
effect of Q on, 403-406 
methods of obtaining, 401-402 
width of, 401-406 

Resonant circuils, parallel, characteris¬ 
tics of, 417 

circuit calculations of, 410-414 
classification of, 417-418 
currents in, 414 415 
tlefinition of, 4fX) 
impedance of, 410-414 
resonance curves of, 411, 415-416 
uses of, 417, 419-421 
series, characteristics of, 415-417 
circuit calculations of, 308-406 
clussificaiion of, 417-418 
definition of, 392 
effect of resistance in, 402-403 
impedance of, 402-403 
resonance curves of, 401-406 
uses of, 417, 419-421 
voltage ratios of, 408-409 

Response curves, 453-460 
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]lr;tnnlivity, J76 
UhRosliil, jiilvantaK(\4 of, 149 
of, 127 
tiiper of, 147-148 
UHOfl of, 145, 147 

HiKhl-hanrl rule*, FlnmiiiK’s, 286-237 
old, 185 

10^61 solutioii of, 500 

Ilodn, liKlilniiiK, 54-55 
iloot-'iiinfin Hiiuiirr* valun, of alIpnialiiiK 
nil TPiil, 217-248 
11 Dior, 315 

Roior jjlaU'H, 315-317 
8 

S (■ a 1 n, in p I p r, 202 -205, 214-215 
(tS’ra: nlfto IMpinr Ki-alos) 

Span III Ilf;, 37-3!) 

I'lpi'l roiiip, 15-10 
inoplianipiil, 14 15 
Srrpf'ii, iiia(;iiplir, 178-171) 

Socoinlary ppII, SI), 103-II 1 
Sep Olid ary winding, 250-257, 280 
SeliM-lor, 35, 37, 30 
S p 1 f i n d 11 p t a 11 p p, 271 274 
Seinaphorp, 12, 4 
SiMinilivity of vol(nu‘lpr.s, 212-213 
Spjoiral OTH, hall pry, 107, 111 
Spiipw piri'-uitH, allpriiatiiiK-PUiTpiit, 
roniplex, 302-30-1 
eiinplp, 300-302 

8olutii)n of prohlpnia fnr, 371-370 
vpfl iir analysis of, 305-30!) 
t'liiiriiPlprialips of, 131 
ruirpiiia in, 130 
dplinilion of, 130 
dirrpt piirrpiii, resist aripp of, 130 
solution of prohlems for, 132-133 
[lisiidvaiilaKPs of, 132 
pnprp:y of, 131 
luaiiiiPlic, U) 1-102 
pn\^ er of, 131 
rpsoiiant, 308-400, 41.5-421 

ri/.sa Upson ant rirpuits) 
uses of, 131-132 
volt a KPS of, 130 

Series piirallpl eireuils, iilternatinK-cur- 
rpiit, :iSl-384 
di rpp t-purren 1, 138 -139 
ShieldiiiK, elertrostat ie, 54-55 
magnetic, 292-21)3 


Shunt, meter, 215-218 
Side bands, 453 
Signaliiig, 1-2 
Silieon steel, 288 
Sine, 506 

Sine table, 507-508 
Siiip-wavn voltage, 243 
Sine waves, addition of, 250-251 
Skill pffopt, 291 

Slope of resonaiipe eurve, elTeci of eou- 
jiliiig on, 455-4(it) 
elTect of resislarn-e on, 403-404 
Solenoid, ealpulating iiiduplaiiee of, 271- 
274 

prinniples of, 185 186 
Sound, 22-27 

beat freiiueiipy of, 27 
eharapteristies of, 22-23 
forppd vibration of, 27 
frequency of, 23-21 
frerpipiipy ranges of, 24-25 
freipienpy rangij of radio rnreivers for, 
25 

fundaiiiiMit al nole in, 20 
h arm on i PS in, 20 
inlensily of, 23 
loudness of, 23 
musieal , 25 
noise, 25 
overtones, 26 
pitch of, 24 
quality of, 20 
reflection of, 26 
speed of, 23 

sympathetic vibration caused b^ , 20- 
27 

use of, in radio, 22 
wavelength of, 24 
Sound waves, 22-27 
audible, 32, 35 
forced vibrations of, 27 
frequency ranges of, 24-25 
frequency ranges of, in radio receivers, 
25 

resonance caused by, 27 
sympathetie vibrations of, 26-27 
Source impedance, 441 
South geographic pole, 179-180 
Specific reluctance, 189 
Specific resistance, 120-122 
Specific resistivity, 119-120 
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Speech amplifier, 35, 37 
Split stator eapneitor, 318-319 
Square root, 79-82 

SliiRKer tuning of amplifier cireuits, 
458-4G1 

Starulard units, in eleetrieity, 67-70 
Stalie eleetrieity, definition of, 45 
explanation of. 19-57 
produetinn of, 45 
use of, 46 

Stat or, alt ernat ing-current generat or 
253 

in variahle capacitor, 315 
Stator plates, 315-317 
Storage l)atl ery, eapaeit v of, 106, 109-111 
rare of, 113-115 
eharging of, 103-106, 111 113 
eominereial eells for, 106-100 
I'onst ruel ion of, 100 100 
lead-a rid tyi)e of, 103-111 
rating of, 100 111 
testing of, 111-112 
Strength, ilieleetrie, 121 
tahle of, 490 

Suhseript method of notation, 76 
Sui)staneeH, for t'onduetors, 118-123 
diamagnetie, 176 
ferromagnetic, 176 
for insulators, 123-125 
magnetie, 175-176 
nonmagiiEdie, 176 
paramagnetie, 176 
Sulphation, 115 
Surge voltage, 311 
Sweep eireiiits, 37-39 
Symhtds, 7.5-76 
drawing, 75, 477-486 
eleetrieal and radio, 477—486 
letter, 76, 487-489 
Synehroiiizing eircuits, 37 -39 

T 

Tables, of abl)reviations, 487-489 
rolor-roded, for resi-stors, 5(K)-.'>01 
cosine, 507-508 
dieleetrie eonstant, 490 
dielectric strength, 4[)0 
of drawing symbols, 477-486 
of letter symbols, 487-489 
sine, 507-^ 


Tables. s])eeifie resistanct\ 407 
temj)eiatuie cnellieient, 407 
wire, 408 
Taper, 147-148 
Telegraph, 3 4 
Tele|)hone, 4-7 

Television, 1.3 17, 32 -35, 37-itO 
loisie principles of, 13-17 
ieonoscope, 15 
kine.sco|)e, 16 
line.s-iJiT i)i['lur[‘, 16 
.scanning, bl- 16 
eamera lube in, 33, 37 
iconoscope, 15, 33 
image ilis.sector, 15 
chaiinelH in, 311 35, 37 
[hdinilion of, 27 
earl\- hi.sltjry of. 13 17 
picture I'arrier wave in, 30 
jiriiM'iples of oj)iU’ation of, 32 35, 37- 
39 

sound earrii!!’ wave in, 39 
use r»t in due tors in, 300-301 
use of ligiit in, 27 

Televi.sion-receiving oj)eralions, 32-35, 
37 39 

Television t ransmi I ting ojjeratiotiN, 32- 
35, 37-3!l 

Temporal lire coefficient of resisLarice, 
119-120 

Temporary magnid, 165 
Theorem of Pythagora.s, 506 
Thermal-type meter.s, 200 202 
Th(?rmocouple, 5!>-60 
Thom.son inclined coil meter, 206 
Time consLanl, 277-279, 460-470 
ffir eapaeilanee and resistance, 465-468 
for iiitluetanee and resist ance, 277-279, 
46f>-4G5 

uriivr;rsal curves of, 409-470 
Time delay circuits, 460-471 
Transformer, audio, 287-289 
color code for, 202 , 504-505 
core of, 288 
in eoujiling, 288-289 
cffieiency of, 261-262 
in termed i a I e - f r e queii cy, 292 
output, 288 
power, 254-260 
principles of, 250-259 
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Transformer, radio-frequenny, 291-292 
uses of, 254-255, 300 
Transverse waves, 28 
Trigonometric functions, 506-509 
Trigonometry, 506 
Trimmer, 320 
Tuned circuit, 402 

(iSiec also Resonant circuits) 

Tungar rectifier, JJ2-113 
Tuning, 35, 37, 3!) 

Turns ratio for transformers, 257 

U 

Unidirectional current, 63 
Unit magnet jjole, 167 
Units, electrical, 67-74 
magnetic, 175-176, 188 
Universal time-constant curve, 409-470 
Universal winding, 291 

V 

Vaeuiim tube, 11-13 
Variahle, depenilent, 303-395 
i I 111 e t) e n 1 1 e n t, 393-395 
Variable capacitor, calculalion of, 319- 
320 

construction of, 315-317 
gang,319 
multiple, 319 
ranges of, 317-318 
split-stat or, 318-319 
transmitting, 318 
Variable inductor, 284-286 
Variable resistor, 127, 145-149 
VariocDupler, 284-286 
\ !iri omc t er, 28^1-286 
V'eetnr, delinition of, 365 
direction of rotation of, 365 
graphical method of solution by, 365- 
366 

mathematical method of solution by, 
366 

sine function and, 366 
solution of circuit impedance by, 
with resistance and capacitance in 
series, 368 

with resistance and inductance in 
series. 367-368 

with resistance, inductance, and 
capacitance in series, 369 


Vector method of determining in-phase 
and quadrature components of cur¬ 
rent, 378 

Vector representation, of sine-vvavc volt¬ 
age, 365 

of voltage and current, 366-367 
with current in phase with voltage, 
366 

with eurreiit lagging voltage, 366-367 
with current leailing voltage, 366-367 
in parallel circuit, 377, 378 
in parallel-series circuit, 381 
in series circuit, 372, 374 
in series-parallel circuit, 384 
of wheel diagram, 365-366 
V’idco amplifier, 37, 39 
Vision, persistence of, 32 
Visual means of communication, 1-2 
Volt, 70 

international, 69 
microvolt, 74 
millivolt, 74 
Voltage, 66, 70 

average value of allernating-cuiTeiil, 
243-215 

breakdown, of capacitors, 326-327 
of iiisulatfirs, 123 
counter, 419 
drop of, 130 

effective value of alternating-current, 
245-249 

gain of, in series resonant circuit, 408- 
4(H), 41‘>-420 

induced, of general or, 238 
of mutual irulurtunce, 283 
principle of, 237-239 
of self-inductance, 268-269 
instantaneous value of alternating 
current, 242-243, 245 
maximum value of alternating current, 
243, 245 

measurement of, 210-213 
methods of producing, 59-61 
Voltage divider, 149-154 
calculalion of, 151-154 
power rating of, 153-154 
Voltaic cell, 87, 89-91 
Voltampere, 369 

Voltmeter, alternating-current, 198-202. 
205-209 

connecting of, 210-211 
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Voltmeter, D’Arsonval-type, 202 
direct-current, 202-207 
dynamometer-type, 200-207 
electrostatic-type, ]98-2(K) 
hot-wire type, 200 
increasing range of, 212, 218-220 
iron-vane-type, 205-20G 
method of measuring resistance with, 
221-222 

permanent-magnet m[)ving-coil type 
of, 202-205 

precaulions in using, 210 
reading, 215, 216 
recti lier-type, 207-200 
scales on, 214-215 
sensitivity of, 212-210 
thermocouple type, 200-202 

Voltmeter multipliers, 218-220 

W 

Watt, 72 

Wave, audio, 32, 35 
carrier, 32 
longitudinal, 22-23 
modulated, 33, 35, 37, 30 
non sinusoidal, 244 
picture carrier, 37-39 
radio, 17-22 
sine, 243 
sound, 22-27 
sound carrier, 37-39 
transverse, 28 


Wave trap, 419 
Wavelength, 18-20 
calculation of, 18, 20 
definition of, 18 
of light waves, 20-30 
of sound w aves, 23-24 
in spectrum, 21 

Weber’s theory of magnetism, 1G6 
Wet electrolytic capacitors, 3;n-335, 
330-3-13^ 

(See aUt) IChM'trolylic capacitors) 
Wheatstone bridge, 220-220 
Wheel diagram, 214, 365-30G 
Wide-band-pass amplifier circuits, 458- 
460 

methods of obtaining, *158, 450 
in frequency-modulated receivers, 458- 
459 

in television receivers, 458-460 
Width, of band pass, 455-458 
of frequency l)and, 401-406 
Wigwag, 1,3 

Wire, magnetic field around, 182-185 
resistance of, 120-122 
table, 498 
Wire gauge, 121 
Wire table, 498 
Wireless, 7-11 

Wire-wound resistors, 126-128 
Work, 71-72 

Z 

Zero potential, 58 









